The effect of intermediate thermomechanical treatments on the fatigue properties of two 7XXX aluminum alloys by Sanders, Robert Edward
THE EFFECT OF INTERMEDIATE THERMOMECHANI CAL 
TREATMEXTS ON THE FATIGLE PROPERTIES 
OF TWO 7XXX ALUMINUM ALLOYS 
A THESIS 
Presented  t o  
The Facul ty of  t h e  Division of Graduate S tud ie s  
b Y 
Robert Edward Sanders ,  Jr. 
In Partial Fulfillment 
of the Requirements f o r  t he  Degree 
Doctor o f  Philosophy 
i n  t h e  School of  Chemical Engineering 
Georgia I n s t i t u t e  of Technology 
J u l y ,  1978 
THE EFFECT OF INTERMEDIATE THE;RMOMECHANICAL 
TREATMENTS ON THE FATIGUE PROPXRTIES 
OF TWO 7X.X ALUMINUM ALLOYS 
Approved : 
- . - 
~ r .  &dgar A. Starke, Jr. //' 
Ch ai man 
-. - - 
- 
D?. Miroslav &rek 
-- 
. - . - .  e n  
D r .  P i e t e r  Mui je / 
D a t e  approved by Chairman: 8 / Z / 7 ~  
ACKNOWLEDGEMENTS 
The au thor  would l i k e  t o  exp res s  h i s  deepes t  g r a t i t u d e  t o  h i s  
t h e s i s  adv i so r ,  D r .  Edgar A.  Sta rke ,  Jr. D r .  S t a rke ' s  pa t i ence  
and guidance during t h e  course of t h e  i n v e s t i g a t i o n  made t h i s  
r e sea rch  an  inva luab le  educa t iona l  exper ience .  The comments and 
sugges t ions  of D r s .  M. Marek, P. Muije,  S. B. Chakrabort ty  and J. T. 
Berry a r e  a l s o  apprec i a t ed .  He lp fu l  d i scuss ions  wi th  h i s  f r i e n d s  
and co l leagues ,  D r .  F. S .  Lin, D r .  T. H. Sanders ,  J r . ,  E.  J. Coyne, 
Jr. ,  and J. G.  Rinker a r e  g r a t e f u l l y  acknowledged by the  author. 
The f i n a n c i a l  suppor t  and coopera t ion  of Lockheed-Georgia Company 
made the  completion of t h i s  r e sea rch  poss ib l e .  The a u t h o r  would l i k e  
t o  p a r t i c u l a r l y  thank M r .  R. W. Mi l l i ng ,  who adminis te red  the  
research  c o n t r a c t .  S p e c i a l  thanks go t o  W. M. McGee, who provided 
much-needed t e c h n i c a l  suppor t  and knowledgeable advice  dur ing  t h e  
research  program. The a s s i s t a n c e  o f  Ron Michael,  Dave Anderson, 
and Jack Hunter of Lockheed-Georgia are a l s o  apprec i a t ed .  
The au tho r  would l i k e  t o  thank t h e  Alcoa ~ e c h n i c a l  Center  and 
the  Army Materials Laboratory who provided t h e  materials used i n  t h i s  
research .  Discussions wi th  J.  T.  S t a l e y ,  D.  A .  Mauney, R.  R. Sawte l l ,  
D r .  J. Waldman, and H. S u l i n s k i  were extremely h e l p f u l  dur ing  t h e  
course of t h i s  investigation. 
The a s s i s t a n c e  o f  M s .  Rebecca P e t t y ,  whose a r t  work added much 
t o  the  p r e s e n t a t i o n  o f  t h i s  r e sea rch ,  i s  deeply apprec i a t ed .  The 
capable typ ing  of Ms. Darlene Coyne i s  a l s o  acknowledged. 
Spec ia l  thanks go t o  t h e  b r o t h e r s  of Beta Theta P i  a t  Georgia Tech 
f o r  t h e i r  suppor t  and fe l lowship  dur ing  t h e  many non-working hours .  
F i n a l l y ,  t h e  au tho r  would l i k e  t o  ded ica t e  t h i s  work t o  h i s  fami ly ,  
M r .  and Mrs. R. E .  Sanders ,  and sister, S a l l y ,  whose love  and 
encouragement made the  completion of t h i s  r e sea rch  p o s s i b l e .  
TABLE O F  CONTENTS 
ACKNOWLEDGEMENTS ............................................ 
L I S T  O F  I L L U S T R A T I O N S .  ....................................... 
L I S T  O F  TABLES.  .............................................. 
SUMMARY ...................................................... 
CHAPTER 
I .  I N T R O D U C T I O N . . . . .  .................................. 
REVIEW O F  THE L I T E R A T U R E  
S e c o n d - P h a s e  Par t ic les  i n  7XXX A l u m i n u m  A l l o y s  
Fa t i gue  T e s t i n g  
M i c r o s t r u c t u r a l  E f f e c t s  on F a t i g u e  i n  7XXX A l l o y s  
T h e n n o m e c h a n i c a l  T r e a t m e n t s  f o r  7XXX A l l o y s  
111. EXPERIMENTAL P R O C E D U R E S . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
I V .  RESULTS AND D I S C U S S I O N . . .  .......................... 
Micros t ruc ture  
M o n o t o n i c  P r o p e r t i e s  and Frac ture  T o u g h n e s s  
C y c l i c  P r o p e r t i e s  and Fat igue  C r a c k  I n i t i a t i o n  
F a t i g u e  C r a c k  Propaga t ion  
V. CONCLUSIONS.  ....................................... 
A P P E N D I X  
A .  F A T I G U E  CRACK PROPAGATION S P E C I M E N  D E S I G N . . . . . . . . . .  
B .  FRACTURE TOUGHNESS S P E C I M E N  D E S I G N . . . . . . . . . . . . . .  ... 
BIBLIOGRAPHY. .  ............................................... 
V I T A  ......................................................... 
P a g e  
i i 
v 
LIST OF ILLUSTRATIONS 
Figure 
1. Schematic Aging Curve f o r  Age-Hardening 7XXX Aluminum 
.............................................. Alloys 
2. Empir ica l  Treatments o f  Fa t igue  Data: (a )  S-N curve,  
(b)  Cycl ic  stress response,  (c )  Coffin-Manson p l o t ,  
and (d) da/dN vs .  AK t rea tment  of FCP d a t a . . . . .  ...... 
3 .  ITMT Process ing  Schedules f o r  7050 and 7475 .......... 
4. Axial Fa t igue  Specimen Designs: (a) 7050 LCF, (b )  7050 
HCF, (c )  7475 LCF, and (d)  7475 HCF.. ................ 
5 .  Mic ros t ruc tu re s  of  7050 Experimental  M a t e r i a l s :  ( a )  AR, 
(b) A R H R ,  and ( c )  HR. ............................... 
6 .  Mic ros t ruc tu re s  o f  7475 Experimental Ma te r i a l s :  ( a )  AR, 
(b )  AR+HR, and (c)  HR. ............................... 
7. Grain and Subgrain S t r u c t u r e s  i n  t h e  7050 Alloy: ( a )  HR,  
and (b) AR, 25% HN03 Etch.. . . . . . . . . . . . . . . . . . . . . . . . . . .  
8. Transmission E l e c t r o n  Micrographs of  7050-T6X1: (a) AR, 
(b)  A R M R ,  (c) and (d)  HR. ........................... 
9 .  Transmission E l e c t r o n  Micrographs o f  7475-T6 : (a )  AR, 
(b)  ARWR, (c)  and (d) HR..  .......................... 
10. Pole  F igures  of  As-Recrys t a l l i z e d  (AR) Experimental  
M a t e r i a l s :  (a )  7050 (200) ,  (b)  7050 (220) ,  ( c )  7475 ............................ (200) ,  and (d )  7475 (220) 
11. Pole  F igures  of  Hot-Rolled (HR) Experimental  
Materials: (a )  7050 (200) ,  (b)  7050 (220) ,  (c )  7475 ............................ (200) ,  and (d) 7475 (220) 
12.  Pole  F igures  o f  As-Recrys ta l l i zed  P lus  Hot-Rolled 
Experimental Materials : ( a )  7050 (200) , (b)  7050 
(220),  ( c )  7475 (200) ,  and (d)  7475 (220) ............ 
13.  Scanning E l e c t r o n  Micrographs of  7050 Tens i l e  F r a c t u r e  




14 .  Observat ions of Deformation on Pol i shed  Surfaces  of 
7050 Specimens S t r a i n e d  5.0% i n  Tension: ( a )  AR, 
and (b) H R . . . . . . . . . . . . .  ............................. 
1.5. Scanning E l e c t r o n  Micrographs of  7475 Tens i l e  F rac tu re  
Surfaces :  (a )  AR, (b) AR+HR, and (c )  HR.. .......... 
16.  Observat ion of Deformation on Pol i shed  Surfaces  of 7475 
Specimens S t r a i n e d  5.0% i n  Tension: (a) AR, (b) AR+HR, 
and ( c )  HR. S t r e s s  a x i s  i s  v e r t i c a l . .  ............... 
17. Transmission E l e c t r o n  Micrographs of  7050 A .  Specimen 
S t r a i n e d  5.0% i n  Tension: (a)  p l ana r  d i s l o c a t i o n  
a r r a y s  observed i n  r e c r y s t a l l i z e d  g r a i n s  of bo th  AR 
and HR, and (b) homogeneous deformation t y p i c a l l y  
observed i n  subgra ins  of  bo th  m a t e r i a l s .  ............ 
18. Frac tured  Al-Fe-Si I n t e r m e t a l l i c  P a r t i c l e s  Observed 
on Surface  of  7475 Tens i l e  Specimen S t r a i n e d  5.0% 
i n  Tension. S t r e s s  a x i s  is  v e r t i c a l . .  .............. 
19.  Cycl ic  S t r e s s  Response during LCF Tes ts  of 7050 
Specimens: (a) HR, and (b) AR.. . . . . . . . . . . . . . . . . . . . .  
20. Cyc l i c  S t r e s s  Response dur ing  LCF Tes t s  of 7475 
Specimens: ( a )  AR, (b) HR, and (c) ARMR. .  ......... 
21. ( a )  D i s loca t ion  d i s t r i b u t i o n  i n  7050 HR specimen 
cycled 1250 cycles a t  a total s t r a i n  ampli tude of  
1 .0%,  (b) Su r face  c racking  i n  7050 AR specimen cyc led  
300 cyc le s  a t  a t o t a l  s t r a i n  ampli tude of  1.2% ...... 
22. D i s loca t ion  S t r u c t u r e s  i n  Fat igued 7475 Specimens: 
(a )  AR, 2600 c y c l e s ,  Ae 1 2  = 0.10%, ( b )  HR, 1850 
cyc le s  A E  / 2  = 0.10%, aRd ( c )  HR, 130 c y c l e s ,  Ae 12  = 
P P l.O%................................................ 
23. Coffin-Manson P l o t s  of  LCF Data f o r :  ( a )  7050, 
and (b )  7475 ........................................ 
24 .  7050 LCF Data P l o t t e d  i n  Terms of  P l a s t i c  Work p e r  
Cycle (AW ) : (a )  Cycl ic  stress response,  and (b)  
AW versug LCF l i f e .  ................................ 
P 
25. High Cycle Fat igue Data f o r :  (a) 7050 and ( b )  7475. 
26. O p t i c a l  Micrographs of Frac tured  7050 HCF Specimens: 
( a )  AR, Nf = 30,830, f a t i g u e d  area = 11.1%, (b) AR, 
Figure Page 
N = 514,360, f a t i g u e d  a r e a  = 41.3%, ( c )  HR, Nf = 
26,850, f a t i g u e d  area = 17.2%, and (d )  HR, Nf = 572,570, 
f a t i g u e d  a r e a  = 55.0%... . . .  .......................... 7 9 
27. Observat ions of  LCF Crack I n i t i a t i o n  i n  7050 LCF Specimens 
cycled a t  a To ta l  S t r a i n  Amplitude o f  1.2%: (a) AR, 
100 cyc le s ,  (b )  AR, same a r e a ,  300 cyc le s ,  (c )  HR, 
100 cyc le s ,  and (d) HR, same a r e a ,  300 cyc le s .  S t r e s s  
a x i s  i s  v e r t i c a l . .  ................................... 
28. Etched Surface  of 7050 HR Specimen Cycled a t  a T o t a l  
S t r a i n  Amplitude o f  1.2% f o r  300 Cycles.  S t r e s s  
Axis i s  V e r t i c a l . . . . . . . .  ............................. 8 3 
29. LCF Crack I n i t i a t i o n  i n  7475 Specimens Cycled 500 Cycles 
a t  a To ta l  S t r a i n  Amplitude of 0.98%: (a) and (b) AR, 
( c )  and (d) H R . . . . . . . . . . . .  ........................... 85 
30. Fa t igue  Crack Propagat ion Data Obtained f o r  7050 
Experimental Ma te r i a l s  P l o t t e d  as d a / d ~  ve r sus  AK... .  
31. Scanning E lec t ron  Fractographs of  7050 ITMT Crack 
Growth Specimens Tested i n  Dry A i r  a t  AK = 8.5 M P ~ ' :  
( a )  and (b) AR, and ( c )  ARHR. Crack growth d i r e c t i o n  
i s  v e r t i c a l . . . . . .  .................................... 
32. Scanning E l e c t r o n  Fractographs of 7050 HR Crack 
% Growth Specimens Tested i n  Dry A i r  a t  AK = 8.5 MPam . 
Crack growth d i r e c t i o n  i s  v e r t i c a l . . .  ................ 
33. Mic ros t ruc tu re  of 7050 HR M a t e r i a l  Near t he  Edge of 
t he  38.1 mm P l a t e  (HR-E) ............................. 
34. Fa t igue  Crack Propagat ion Data Obtained f o r  7475 
Experimental Ma te r i a l s  P l o t t e d  a s  d a / d ~  ve r sus  AK.. . .  
35. Scanning E l e c t r o n  Fractographs of 7475 AR Crack 
Growth Sgecimens Tested i n  Dry A ~ F  a t :  ( a )  AK = 
8.5  am', and (b) AK = 15.0 MPam5. Crack growth 
d i r e c t i o n  is v e r t i c a l  ................................ 
36. Scanning E l e c t r o n  Fractogrpahs of 7475 HR Crack 
Growth Specimens Tested i n  D r y  Air at :  ( a )  AK = 
8.5  am', and (b) AK = 15.0 MP~III'. Crack growth 
d i r e c t i o n  i s  v e r t i c a l  ............................... 
37. Scanning E l e c t r o n  Fractographs of 7475 AR+HR Crack 
Growth Specimens Tested i n  Dry A i r  a t :  ( a )  AK = 
8.5 &Pam5, and (b) AK = 15.0 M P ~ ~ .  Crack growth 
F i g u r e  Page 
d i r e c t i o n  is  v e r t i c a l . .  .............................. 9 9 
38. Schemat ic  Diagram Showing t h e  C o r r e c t i o n  o f  AK v a l u e s  
i n  7475 FCP Specimens t o  Account f o r  R e s i d u a l  S t r e s s e s .  105 
39.  7475 FCP Data C o r r e c t e d  f o r  R e s i d u a l  S t r e s s e s  a 
Compared t o  the P r e d i c t i o n s  of t h e  Chakrabor t  t y  $3 
E q u a t i o n  ............................................. 
LIST OF TABLES 
Table 
1. Chemical Composition and Heat Treatments of Experime.nta1 
Alloys .................................................. 
2. Mic ros t ruc tu re  of Experimental Materials. . . . . . . . . . . . . . . .  
............. 3 .  Monotonic and F rac tu re  Toughness P r o p e r t i e s  
.............. 4. LCF Parameters  f o r  t h e  Experimental Alloys 
5.  Q u a n t i t a t i v e  Meta l lographic  Parameters f o r  LCF Crack 
I n i t i a t i o n .  ............................................. 
6 .  Parameters f o r  P r e d i c t i n g  FCP rates f r o m  t h e  Chakrabort ty  ................................................ Equation 
Page 
The e f f e c t  of d i f f e r e n t  i n g o t  process ing  techniques on the  
mic ros t ruc tu re ,  monotonic and f a t i g u e  p r o p e r t i e s  of 7050 and 7475 
aluminum a l l o y s  has been i n v e s t i g a t e d .  P r o p e r t i e s  of t h e s e  a l l o y s  
a f t e r  process ing  by newly-developed in t e rmed ia t e  thermomechanical 
t r ea tmen t s  (ITMT) were compared t o  those of ho t - ro l l ed  m a t e r i a l s  
which r ece ived  commercial type processing.  
ITMT m a t e r i a l s  of t h e  two a l l o y s  were s t u d i e d  i n  both the  as- 
r e c r y s t a l l i z e d  (AR) and as-recrys t a l l i z e d  p l u s  ho t - r o l l e d  (AR+HR) 
condi t ions .  Micros t ruc tures  o f  t he  AR v a r i a n t s  were h i g h l y  recry-  
s t a l l i z e d  wi th  very f i n e  equiaxed g ra ins .  AR+HR m a t e r i a l s  were 
p a r t i a l l y  r e c r y s t a l l i z e d  wi th  a n  e longated  pancake-type g r a i n  
morphology. Hot - ro l l ing  of t he  two a l l o y s ,  used t o  s imu la t e  commercial 
p rocess ing ,  produced l a m e l l a r ,  l a r g e l y  unrecrys t a l l i z e d  mic ros t ruc tu re s  . 
The 7050 exper imenta l  m a t e r i a l s  were more f u l l y  r e c r y s t a l l i z e d  
than  t h e i r  7475 coun te rpa r t s  due t o  t he  presence of d i f f e r e n t  dis-  
pe r so id  phases and s l i g h t  d i f f e r e n c e s  i n  process ing  cond i t i ons .  
KO t - r o l l e d  v a r i a n t s  of t h e  exper imenta l  a l l o y s  e x h i b i t e d  the  
b e s t  o v e r a l l  combination of f a t i g u e  p r o p e r t i e s  of t h e  m a t e r i a l s  s t u d i e d .  
The predominantly unrecrys t a l l i z e d  micros t r u c t u r e s  of  ho t - ro l l ed  
7050 and 7475 promoted a high-energy-absorbing t r a n s g r a n u l a r  f r a c t u r e  
mode and l e d  t o  s u p e r i o r  r e s i s t a n c e  t o  f a t i g u e  crack propagat ion  and 
uns t ab le  f r a c t u r e .  The more r e c r y s t a l l i z e d  ITMT m a t e r i a l s  experienced 
a  h ighe r  degree o f  i n t e r g r a n u l a r  f r a c t u r e  which con t r ibu ted  t o  h ighe r  
f a t i g u e  c rack  growth rates and lower f r a c t u r e  toughness va lues .  The 
presence of a  l a r g e  volume f r a c t i o n  of  A12CuMg i n  ITMT v a r i a n t s  
of  7050 was p a r t i c u l a r l y  de t r imen ta l  t o  the  f r a c t u r e  r e s i s t a n c e  of 
t h i s  a l l o y .  
To ta l  low cyc le  f a t i g u e  and h igh  cyc le  f a t i g u e  l i v e s  of 
the  experimental  m a t e r i a l s  were r e l a t i v e l y  unaf fec ted  by changes i n  
mic ros t ruc tu re  produced by i n g o t  process ing .  However, q u a n t i t a t i v e  
metallography showed t h a t  t he  c rack  i n i t i a t i o n  r e s i s t a n c e  of AR 
v a r i a n t s  w a s  somewhat improved over  t h a t  of t h e  ho t - r o l l e d  m a t e r i a l s .  
Crack i n i t i a t i o n  a t  s l i p  bands, which occurs  e x t e n s i v e l y  i n  t he  
u n r e c r y s t a l l i z e d  ho t - ro l l ed  mic ros t ruc tu re ,  i s  seve re ly  l i m i t e d  by 
the  f i n e  g r a i n  s i z e  and random t e x t u r e  produced by AR-type ITMT 
process ing .  
The f a t i g u e  crack propagat ion  d a t a  of t h e  p re sen t  i nves t iga -  
t i o n  showed t h a t  the  presence of r e s i d u a l  s t r e s s e s  i n  un-stretched 
p l a t e  m a t e r i a l  could markedly a f f e c t  crack growth rates. A method 
w a s  suggested t o  c o r r e c t  f o r  r e s i d u a l  s t r e s s e s  i n  WOL-type specimens 
and o b t a i n  a rough approximation f o r  an "e f f ec t ive"  AK. Upon the  
a p p l i c a t i o n  of t h i s  method, t h e  co r r ec t ed  7475 f a t i g u e  c rack  propaga- 
t i o n  d a t a  w a s  compared t o  t h e  r e s u l t s  of a p r e d i c t i v e  equa t ion  
based on low cyc le  f a t i g u e  and m i c r o s t r u c t u r a l  parameters .  The 
r e l a t i o n s h i p  c o r r e c t l y  p red ic t ed  the  r e l a t i v e  o r d e r  of f a t i g u e  
c rack  propagat ion  r e s i s t a n c e  f o r  t h e  t h r e e  7475 exper imenta l  m a t e r i a l s .  
CHAPTER I 
The ex tens ive  use  of age hardenable 7XXX aluminum a l l o y s  a t  high 
s t r e n g t h  l e v e l s ,  i . e . ,  g r e a t e r  than  520 MPa (75 k s i ) ,  has  been hampered 
by poor secondary p r o p e r t i e s  of toughness,  s t r e s s  co r ros ion  r e s i s t a n c e ,  
and f a t i g u e  r e s i s t a n c e ,  p a r t i c u l a r l y  i n  t h e  s h o r t  t r a n s v e r s e  d i r e c t i o n .  
The importance of t h e s e  m a t e r i a l s  i n  a i r f  rarne and Army 
armament i t  ems ( 7-11) has  s t imu la t ed  ' recent  a t tempts  t o  improve these  
p r o p e r t i e s .  Some secondary proper ty  improvements have been ob ta ined  by 
employing s l i g h t  changes i n  a l l o y  chemistry ( I 2  '13) , d i f f e r e n t  g r a i n  
r e f i n i n g   element^"^), o r  removal of t h e  impuri ty  elements Fe and 
S i (37  14'15).  Such r e sea rch  has  l e d  t o  t h e  development of a l l o y s  (3,141 
wi th  improved f r a c t u r e  toughness and s t r e s s  co r ros ion  r e s i s t a n c e  
compared t o  t h e  e x t e n s i v e l y  used 7075. However, s i g n i f i c a n t  improvements 
i n  f a t i g u e  r e s i s t a n c e  have n o t  been r e a l i z e d  a s  y e t .  
Micros t ruc ture  con t ro l  through mod i f i ca t ion  of convent iona l  
primary process ing  methods has  been examined as a way of upgrading 
t h e  p r o p e r t i e s  of t h e s e  a l l o y s .  These methods, c a l l e d  thermomechanical 
t r ea tmen t s  (TMT) may be d iv ided  i n t o  two c l a s s i f i c a t i o n s :  (1) F i n a l  
Thermomechanical Treatments (FTMT) , (2 '4 ' 5' 6-23) which a r e  app l i ed  t o  
t h e  wrought m a t e r i a l  and a r e  a l s o  known a s  thermomechanical ag ing  (TMA) 
p r a c t i c e s  (19) , and (2) In te rmedia te  Thennomechanical Treatments 
( I m )  (7-11,24) , which are s p e c i a l i z e d  i n g o t  process ing  techniques  
app l i ed  be fo re  t he  f i n a l  working ope ra t ion .  The FTMT process ing  
sequence normally c o n s i s t s  of s o l u t i o n  h e a t  t rea tment ,  quench, pre-aging, 
co ld  o r  warm work, and f i n a l  aging.  The d i s l o c a t i o n  s t r u c t u r e  in t roduced  
dur ing  t h e  working o p e r a t i o n  i s  presumably s t a b i l i z e d  by heterogeneous 
p r e c i p i t a t i o n  dur ing  the  f i n a l  aging s t e p .  Various types of  FTMT 
have produced inc reased  s t r e n g t h  l e v e l s  i n  7XXX m a t e r i a l s ,  b u t  have been 
much less s u c c e s s f u l  i n  improving f r a c t u r e  toughness and f a t i g u e  c rack  
growth resis tance  (294y5). Some workers have noted t h a t  FTMT does n o t  
n e c e s s a r i l y  o f f e r  a more a t t r a c t i v e  combination of mechanical p r o p e r t i e s  
than  can  be  obta ined  by modi f ica t ions  i n  a l l o y  p u r i t y  (18) and h e a t  
(2) t rea tment  . 
The a p p l i c a t i o n  of ITMT t o  7XXX a l l o y s  can r e s u l t  i n  a f ine-grained 
r e c r y s t a l l i z e d  mic ros t ruc tu re  through t h e  use of  s p e c i a l  i n g o t  process ing  
techniques .  Conventional process ing  of commercial a l l o y s  t y p i c a l l y  
r e s u l t s  i n  highly-elongated g r a i n s  w i t h  r e s u l t i n g  d i r e c t i o n a l  mechanical 
p r o p e r t i e s .  Consequently, poor f r a c t u r e  r e s i s t a n c e  i n  the  s h o r t  
t r a n s v e r s e  d i r e c t i o n  has  long been a problem i n  7XXX t h i c k  p l a t e  
m a t e r i a l .  Workers a t  t he  Frankford Arsenal Army Mate r i a l s  Laboratory 
and The I n s t i t u t o  Sperimentale  d e i  Mettalli Leggeri  (ISML) have 
developed an  ITMT which uses  a r e l a t i v e l y  low temperature (250"-270"~) 
deformation followed by a high-temperature r e c r y s t a l l i z a t i o n  s t e p  t o  
o b t a i n  f ine-gra ined  s t r u c t u r e s  . Addi t iona l  s t u d i e s  a t  Frankford Arsenal  
have produced ITMT m a t e r i a l s  i n  both the  a s - r e c r y s t a l l i z e d  (AR) and 
as-recrys t a l l i z e d  p l u s  ho t - r o l l e d  (ARMR) cond i t i ons .  The AR material has 
a f i n e ,  completely r e c r y s t a l l i z e d  g r a i n  s t r u c t u r e .  A f i n a l  h o t - r o l l i n g  
s t e p  appl ied  t o  AR m a t e r i a l  produces the  p a r t i a l l y - r e c r y s t a l l i z e d  
micros t ructure  of the  ARWR mate r i a l .  The app l i ca t ion  of ITMT processing 
t o  70 75 has r e s u l t e d  i n  improved p roper t i e s  of  e longat ion ,  toughness 
and s h o r t  t ransverse  stress corros ion r e s i s t a n c e  ( 7 y  24) . Subsequently, 
ITMT has been appl ied  t o  a wide v a r i e t y  of aluminum a l l o y s  ( 8 y 9 ) .  s e v e r a l  
s tudies ' l  ' 7' 249 25) have pointed t o  the  p o s s i b i l i t i e s  of achieving 
improved f a t i g u e  p r o p e r t i e s  through the app l i ca t ion  of ITMT to  7XXX 
series a l l o y s .  However, t o  da te ,  the re  has no t  been a sys temat ic  
s tudy of the  f a t i g u e  performance of  ITMT mate r i a l s .  The p resen t  work 
w a s  undertaken t o  c l a r i f y  the  r o l e  of g ra in  s t r u c t u r e  produced by 
ITMT on the  f a t i g u e  p roper t i e s  of two high-strength 71WT aluminum a l loys .  
CHAPTER I1 
REVIEW OF THE LITERATURE 
Second-Phase P a r t i c l e s  i n  7XXX Aluminum Alloys 
The s t r e n g t h ,  toughness,  and o t h e r  mechanical p r o p e r t i e s  of t h e  
7XXX (Al-Zn-Mg-Cu) a l l o y s  are determined t o  a  l a r g e  degree by t h e  
second-phase p a r t i c l e s  p r e s e n t  i n  t h e  mic ros t ruc tu re .  The frequency,  
d i s t r i b u t i o n ,  and morphology of t hese  p a r t i c l e s  are c o n t r o l l e d  by t h e  
a l l o y  composition and the  thermal  and mechanical processes  app l i ed  t o  
t h e  i n g o t  dur ing  t h e  f a b r i c a t i o n  of a wrought product .  Three types of 
second-phase p a r t i c l e s  are o r d i n a r i l y  found i n  p rec ip i t a t i on - s t r eng thened  
7XXX aluminum a l l o y s  ( 6 )  : ( a )  S t rengthening  p r e c i p i t a t e s  (-0.001 t o  
0.5 pm), (b) Disperso id  p a r t i c l e s  (0.01 t o  0.5 ym), and (c) Const i tuent  
p a r t i c l e s  ("2 t o  50 urn). The o r i g i n  of t hese  p a r t i c l e s  i n  t h e  micro- 
s t r u c t u r e  and t h e i r  e f f e c t  on t h e  mechanical p r o p e r t i e s  of t hese  a l l o y s  
w i l l  be  d iscussed  i n  more d e t a i l  below. 
S t rengthening  P r e c i p i t a t e s  and Deformation Behavior of  7XXX Alloys 
The achievement of h igh  y i e l d  s t r e n g t h s  i n  7XXX aluminum a l l o y s  
i s  made p o s s i b l e  by a p r e c i p i t a t i o n  hardening mechanism. For ag ing  a t  
temperatures  of commercial importance, t h e  p r e c i p i t a t i o n  sequence (26) is : 
Supersa tura ted  s o l i d  s o l u t i o n  + G.P. zones + q'+ 11 
The GP zones r e s u l t  from s t a t i s t i c a l  v a r i a t i o n s  i n  the  concen- 
t r a t i o n s  of s o l u t e  (Zn, Mg, and Cu) atoms, forming regions of s h o r t  range 
order  (27) . The zones a r e  s p h e r i c a l  o r  e l l i p s o i d a l  i n  shape depending 
on s o l u t e  chemistry and completely coherent wi th  the  aluminum matrix.  
The exact  s t r u c t u r e  and composition of the  zones a r e  unknown. Some 
controversy seems t o  e x i s t  regarding the presence of n '  i n  the  sequence, 
bu t  Gjonnes and Simensen (27) a f t e r  a transmission e l e c t r o n  microscopy 
study s t a t e d  t h a t  they es tab l i shed  i t s  presence "without a doubt." 
The n '  phase is  hexagonal, p l a t e l i k e  and coherent with the  C111) planes 
of the  aluminum matrix. The hexagonal 11 phase, MgZn2, i s  completely 
incoherent  with the  matr ix  and is  the  equil ibrium phase i n  7XXX a l l o y s  
of c o m e r c i a l  importance. 
Increas ing the  copper content  of 7XXX a l l o y s  has been shown t o  
markedly a f f e c t  p r e c i p i t a t i o n  and mechanical p roper t i e s .  Copper e n t e r s  
d i r e c t l y  i n  the p r e c i p i t a t i o n  sequence and increases  the  temperature 
range of GP zone s t a b i l i t y  (28229) .  The r e s u l t s  of Sanders and Starke (30) 
showed t h a t  the  add i t ion  of copper t o  an  Al-Zn-Mg a l l o y  increased the  
frequency of GP zone nucleat ion and acce le ra ted  the  GP zone + q' 
t r a n s i t i o n  during a r t i f i c i a l  aging a t  1208C. The add i t ion  of copper t o  
Al-Zn-Mg a l l o y s  has a l s o  been shown t o  inc rease  t h e  s t r e n g t h  and stress 
corrosion cracking res i s t ance .  
The types of d i s loca t ion-prec ip i t a te  i n t e r a c t i o n s  occurring 
i n  the  Al-Zn-Mg system and the  r e s u l t a n t  mechanical p roper t i e s  of these  
a l loys  a r e  markedly a f fec ted  by the  p r e c i p i t a t e  type, s i z e ,  and spacing. 
Dislocations may c u t  through the coherent p a r t i c l e s ,  such a s  GP zones, 
o r  by-pass l a r g e r  incoherent  n p a r t i c l e s .  For a l l o y s  deforming by a 
c u t t i n g  mechanism, a n  i n c r e a s e  i n  shea r  stress may occur due t o  d i s l o c a t i o n  
i n t e r a c t i o n s  w i t h  p r e c i p i t a t e  stress f i e l d s ,  d i so rde r ing  of  ordered  
p a r t i c l e s ,  and d i f f e r e n c e s  i n  e l a s t i c  moduli o r  s t a c k i n g  f a u l t  ene rg i e s  
between p r e c i p i t a t e s  and ma t r ix  (26,31) . The looping  mechanism, proposed 
by  rowan'^^), i s  based on t h e  s t r e s s  r equ i r ed  f o r  d i s l o c a t i o n s  t o  
by-pass p a r t i c l e s ,  l eav ing  d i s l o c a t i o n  loops .  Hirsch (33) has  descr ibed  
a s e r i e s  of  d i s l o c a t i o n  movements i nvo lv ing  c ros s  s l i p  t o  e x p l a i n  t h e  
Orowan process .  Q u a n t i t a t i v e l y  t h e  two mechanisms have been descr ibed  by 
Gerold (34) . The s t r eng then ing  e f f e c t  of t h e  p a r t i c l e s  is  c a l c u l a t e d  
f o r  looping  by: 
- 2T f  ' , and -  A T ~  bR (9 
f o r  c u t t i n g ,  
where : 
A T  - i s  the  i n c r e a s e  i n  s h e a r  stress due t o  t h e  d i s p e r s i o n ,  
0 
F - i s  t h e  average maximum f o r c e  h e f o r e  p a r t i c l e  s h e a r i n g ,  
F' - is  a measure of relative p a r t i c l e  s t r e n g t h  and F = FfR/b ,  
T - i s  the  l i n e  t ens ion  of t h e  d i s l o c a t i o n ,  
f - is  the volume f r a c t i o n  of  t h e  p a r t i c l e s ,  
R  - i s  the  p a r t i c l e  r a d i u s ,  and 
b  - i s  t h e    urger's v e c t o r  of  t h e  d i s l o c a t i o n .  
An aging curve shown i n  Figure 1 may be i n t e r p r e t e d  i n  terms 
of p r e c i p i t a t e - d i s l o c a t i o n  i n t e r a c t i o n s .  The as-quenched hardness  
of the  a l l o y  i s  very  low. Cross s l i p  r e a d i l y  occurs  and the  a l l o y  
deforms homogeneously, i .e .  wi th  a wavy s l i p  mode. As  t he  a l l o y  
i s  aged t o  peak hardness ,  hardness  i n c r e a s e s  due t o  t h e  growth 
of shearable  GP zones and t h e  p r e c i p i t a t i o n  of  '. Dis loca t ions  s h e a r  
the  closely-spaced p r e c i p i t a t e s  and become concent ra ted  on ind i -  
v i d u a l  s l i p  p lanes ,  r e s u l t i n g  i n  a p l a n a r  s l i p  mode (35) .  c r o s s  s l i p  
is l i m i t e d  and narrow l o c a l i z e d  d i s l o c a t i o n  bands a r e  observed. A t  
peak hardness ,  t he  mic ros t ruc tu re  c o n s i s t s  o f  GP zones, semi- 
coherent  Q', and some 0 .  As overaging occurs ,  most of t h e  micros t ruc-  
t u r e  c o n s i s t s  of  widely-spaced incohe ren t .  n p a r t i c l e s ,  and looping  
becomes the  dominant deformation mechanism. With f u r t h e r  over-aging 
the  hardness  decreases  a s  p red ic t ed  by Equat ion 1. The occurrence 
of looping  i n  the  overaged a l l o y  r e s u l t s  i n  a more homogeneous, 
wavy type of Thomas and Nutting(36) have proposed t h a t  
t h e  wavy s l i p  c h a r a c t e r  of overaged a l l o y s  is  due t o  t he  promotion 
o f  c ros s  s l i p  i n  t h e  v i c i n i t y  of incoherent  p a r t i c l e s .  
D u c t i l i t y  has  been shown t o  va ry  i n v e r s e l y  w i t h  hardness  
f o r  age-hardened aluminum a l l o y s .  O r i g i n a l l y ,  some workers ( 3 6 )  
a t t r i b u t e d  the  b r i t t l e n e s s  a s s o c i a t e d  wi th  peak-aged aluminum a l l o y s  t o  
p r e f e r r e d  deformation and f r a c t u r e  i n  s o f t  p rec ip i ta te - f ree-zones  
(PFZ's) ad j acen t  t o  g r a i n  boundaries .  The formation of PFZ's i n  
t hese  a l l o y s  is  a f f e c t e d  by many v a r i a b l e s ,  i nc lud ing  a l l o y  composition, 
homogenizafion temperature, and a g i n g  o n d i  ti on^'^') . PFZ1s are 
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a .  Underaged: s h e a r i n g ,  GP zones.  
b .  Peak hardness :  s h e a r i n g ,  a l l  types  of 
p r e c i p i t a t e s .  
c. Overaged: looping ,  widely-spaced incoheren t  
p r e c i p i t a t e s .  
F igure  1. Schematic Aging Curve f o r  Age-Hardening 7XXX Aluminum Al loys .  
o f t e n  accompanied by l a r g e  Q g r a i n  boundary p r e c i p i t a t e s ,  which have 
(38) a l s o  been c i t e d  a s  a source of b r i t t l e n e s s  i n  Al-Zn-Mg type  a l l o y s  . 
However, Ryum e t a l .  (37) have shown t h a t  b r i t t l e n e s s  a s s o c i a t e d  w i t h  
peak-hardened a l l o y s  i s  due to  t he  presence of l o c a l i z e d  d i s l o c a t i o n  
bands i n  t he  ma t r ix ,  r a t h e r  than  deformation w i t h i n  the  PFZ. The 
impingement of t hese  d i s l o c a t i o n  bands on g r a i n  boundaries  sets up 
h igh  l o c a l  stresses, r e s u l t i n g  i n  i n t e r g r a n u l a r  f rac ture .  and a reduc t ion  
i n  d u c t i l i t y .  Grain-boundary p r e c i p i t a t e s  can e f f e c t i v e l y  weaken 
g r a i n  boundaries  and reduce d u c t i l i t y  by promoting vo id  formation a t  the  
(38) p a r t i c l e / m a t r i x  i n t e r f a c e  dur ing  deformation . Consequently, t o  
i n s u r e  good d u c t i l i t y  i n  commercial 7XXX a l l o y s ,  p rocess ing  i s  c o n t r o l l e d  
t o  o b t a i n  f i n e  g r a i n  s t r u c t u r e s  and minimize the  occurrence of la.rge 
g r a i n  boundary p r e c i p i t a t e s  . 
The improved homogeneity of deformation observed i n  overaged 7XXX 
a l l o y s  may be  t h e  b a s i s  f o r  o b t a i n i n g  b e t t e r  stress co r ros ion  cracking (SCC) 
r e s i s t a n c e  and somewhat improved toughness(39).  The s u p e r i o r  p r o p e r t i e s  
are a t t r i b u t e d ,  as i n  t h e  case  of d u c t i l i t y ,  t o  t h e  r educ t ion  i n  p l a n a r  
s l i p  and accompanying i n t e r g r a n u l a r  f r a c t u r e  found i n  peak-aged a l l o y s .  
Some e a r l y  a l l o y s ,  e..g. 7079, experienced s e v e r e  s t r e n g t h  r educ t ions  
when overaged to  improve SCC r e s i s t a n c e .  However, most modem 7XXX 
a l l o y  compositions a l low overaging t o  produce accep tab le  f r a c t u r e  
toughness and SCC r e s i s t a n c e  wi th  on ly  15-20% l o s s  of s t r e n g t h .  These 
overaged cond i t i ons  have been accepted  widely i n  commercial p z a c t i c e  
and are g e n e r a l l l y  achieved by a two-step a r t i f i c i a l  ag ing  sequence 
i n  which the  i n i t i a l  ag ing  (usua l ly  a t  120°C) i s  followed by a f i n a l  
higher- temperature aging s t e p  i n  t he  150"-170°C range.  The commercially 
important overaged condit ions f o r  7XXX a l loys  a r e  the  T76 and T73 
tempers. The l a t t e r  designation r e f e r s  t o  the  more overaged condit ion.  
Workers have recent ly  extended the  c o r r e l a t i o n s  found between 
s l i p  character  and monotonic deformation t o  t h e  problem of fa t igue .  
These developments w i l l  be discussed i n  a  l a t e r  s e c t i o n  regarding the  
e f f e c t s  of microstructure on f a t i g u e  i n  7XMI a l loys .  
Dispersoids i n  7XXX Alloys 
The presence of d ispersoid  p a r t i c l e s  i n  high-strength 7XXX 
a l l o y s  is due t o  t h e  add i t ion  of smal l  amounts of chromium (0.3% m a x . ) ,  
manganese (0.8% max.), o r  zirconium (0.2% max.) t o  t h e  a l l o y  composi- 
t i o n  ( I 4 ) .  These elements have extremely low s o l u b i l i t y  i n  aluminum 
and a r e  p r e c i p i t a t e d  from supersa tura ted  s o l i d  so lu t ion  during ingo t  
s o l i d i f i c a t i o n .  During subsequent hea t  t r e a t i n g  and working opera t ions ,  
they cannot be completely redissolved but  may undergo a l t e r a t i o n  i n  
p a r t i c l e  s i z e  and d i s t r ibu t ion .  Dispersoid phases found i n  commercial 
7XXX a l loys  a r e  Al12Mg2Cr(E phase),Al Ffn Cu and A13Zr.  The Al12Mg2Cr 20 3 2' 
amd Al Mn Cu p a r t i c l e s  genera l ly  range i n  s i z e  from 0.02 t o  0.05 Dm. 
20 3 2 
The A 1  Z r  p a r t i c l e s  a r e  usual ly  somewhat smaller  (<0.02um). 
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During f a b r i c a t i o n  of wrought products ,  d ispersoids  i n h i b i t  
r e c r y s t a l l i z a t i o n  and g r a i n  growth i n  7XXX a l loys .  Grain boundaries a r e  
e f f e c t i v e l y  "pinned" by dispersoid  p a r t i c l e s  during thermal and mechanical 
opera t ions ,  i d e a l l y  r e s u l t i n g  i n  an unrec rys ta l l i zed  micros t ructure  i n  
th ick  sec t ions .  I n  commercial p r a c t i c e ,  however, p a r t i a l  r e c r y s t a l l i z a -  
t i o n  o f t e n  occurs i n  s p i t e  of the  d ispersoids .  The ex ten t  of r e c r y s t a l l i -  
za t ion depends upon the  s e v e r i t y  and temperature of the mechanical 
opera t ions  and the  temperature and dura t ion ( t o  some ex ten t )  of the  
thermal treatments.  This e f f e c t  allows f o r  the  p o s s i b i l i t y  of g r a i n  
s t r u c t u r e  modificat ion by in termedia te  thermomechanical t reatments 
( t o  be discussed l a t e r ) .  
The e f f e c t s  of d ispersoids  on the  mechanical p roper t i e s  of 
7XXX a l loys  may be i n t e r p r e t e d  by t h e i r  e f f e c t s  on g r a i n  s t r u c t u r e  
and subsequent microstructure/property analyses.  Dispersoids have 
l i t t l e  e f f e c t  on s t reng th  i n  7XXX a l l o y s  s ince  t h i s  property is  
pr imar i ly  governed by the  closely-spaced hardening p r e c i p i t a t e s .  
(However, one study (25) did  repor t  a  s l i g h t  y i e l d  s t r eng th  increase ,  
"40 m a ,  a t t r i b u t e d  t o  the presence of A 1  Z r  when zirconium was added 
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t o  an Al-Zn-Mg a l loy) .  The toughness of 7XXX a l l o y  p l a t e  mate r i a l  has 
been shown t o  be inverse ly  r e l a t e d  t o  the  degree of r e c r y s t a l l i z a -  
t i o n  (3 '14) . Thus, f i n e  d ispersoid  d i s t r i b u t i o n s  which promote an 
unrec rys ta l l i zed  s t r u c t u r e  a r e  preferable  f o r  improved f r a c t u r e  
r e s i s t a n c e  l 3  . The unrec rys ta l l i zed  s t r u c t u r e  promotes a high 
energy absorbing t ransgranular  f r a c t u r e  mode i n  preference  t o  the  low 
(39)  energy i n t e r g r a n u l a r  f r a c t u r e  of r e c r y s t a l l i z e d  m a t e r i a l s  . 
~ t a l e ~ ' s ( ' ~ )  r e s u l t s  i n d i c a t e  t h a t  the  amount of d ispersoid  
forming element i n  7XXX a l l o y s  should be held  t o  the  minimum required  
f o r  the  at tainment of the des i red  g ra in  s t r u c t u r e .  Crack propagation 
energy w a s  found t o  decrease l i n e a r l y  with increas ing chromium content  
i n  7075 shee t .  This was a t t r i b u t e d  t o  a void s h e e t  formation ( 4 0 )  
mechanism i n  which microvoids form a t  d ispersoids  and coalesce t o  l i n k  
f rac tu red  cons t i tuen t  p a r t i c l e s .  The same study ( I4 )  a l s o  showed t h a t  
s u b s t i t u t i o n  of zirconium f o r  chromium a s  the  dispersoid-former 
r e s u l t s  i n  increased toughness i n  7475-type a l loys .  However, t h i s  
r e s u l t  w a s  n o t  s u b s t a n t i a t e d  when s t anda rd  K specimem were t e s t e d .  I C 
Quench s e n s i t i v i t y  i n  7XXX a l l o y s  occurs  when a  s i g n i f i c a n t  
number of s o l u t e  atoms a r e  t i e d  up i n  t h e  formation of Al Mg C r  o r  
12  2 
A 1  M n  C r  d i ~ ~ e r s o i d s ( ~ ~ ) .  With a  s m a l l e r  amount of s o l u t e  a v a i l a b l e  
20 3 
t o  p a r t i c i p a t e  i n  t he  age hardening sequence, s t r e n g t h  i s  reduced. 
Zirconium, which forms A l  Z r ,  has  been shown t o  reduce quench s e n s i -  
3  
t i v i t y  i n  7XXX a l l o y s .  S ince  A l  Z r  does n o t  t i e  up s o l u t e  atoms i n  
3 
d i s p e r s o i d  formation,  d e s i r a b l e  s t r e n g t h  l e v e l s  can be  maintained.  
Cons t i t uen t  P a r t i c l e s  
Cons t i t uen t  p a r t i c l e s  i n  7XXX aluminum a l l o y s  may be :  (a )  i n so lu -  
b l e  compounds r e s u l t i n g  from t h e  presence  of t h e  impur i ty  elements 
i r o n  and s i l i c o n ,  o r  (b) p a r t i a l l y  s o l u b l e  i n t e r m e t a l l i c  p a r t i c l e s  
composed of t h e  major a l l o y i n g  elements .  The f i r s t  type  of p a r t i c l e s ,  
i d e n t i f i e d  p r i m a r i l y  as Al Cu Fe, FeA16, and Mg s i ( 1 4 ) ,  s e p a r a t e  
7 2 2 
dur ing  i n g o t  c a s t i n g ,  and may be  up t o  30 i n  t h e  l o n g e s t  dimension. 
These p a r t i c l e s  are o f t e n  found s t r u n g  o u t  i n  t h e  primary f a b r i c a t i o n  
d i r e c t i o n  of wrought products  and of t e n  c o n t r i b u t e  t o  a mechanical 
f i b e r i n g  e f f e c t .  The p a r t i a l l y  s o l u b l e  i n t e r m e t a l l i c s  of t he  second 
type r e s u l t  from incomplete  s o l u t i o n  of t he  primary a l l o y i n g  elements 
dur ing  h e a t  t rea tment  and f a b r i c a t i o n .  Tn some cases ,  complete 
s o l u t i o n  of  t h e s e  p a r t i c l e s  i s  imposs ib le  s i n c e  non-equilibrium 
me l t ing  may occur  be fo re  a s u f f i c i e n t l y  h igh  s o l u t i o n i z a t i o n  tempera- 
t u r e  is  reached (14) .  The ch ief  cons i tuen t  phase of t h i s  type  i n  
( 6 )  7XXX a l l o y s  i s  Al CuMg . 
2 
I t  i s  gene ra l ly  agreed t h a t  t h e  f r a c t u r e  of c o n s i t u e n t  p a r t i c l e s  
under s t r e s s  l e a d s  t o  p r e f e r e n t i a l  p a t h s  f o r  c rack  advance and reduced 
toughness (14939). It  has been shown t h a t  decreasing Pe and S i  l e v e l s  
i n  7XXX a l loy  compositions can markedly increase  toughness values .  
Consequently, "cleane*' a l l o y s  such a s  7475 and 7050 have been i n t r o -  
duced which take advantage of higher p u r i t y  l e v e l s ,  i n  p a r t ,  f o r  the  
achievement of improved f r a c t u r e  toughness (3,39) . Since the  presence of 
Al CuMg has a l s o  been shown t o  be s i g n i f i c a n t l y  det r imenta l  t o  2 
toughness i n  7XXX al loys(14) ,  ca re fu l  con t ro l  of a l loy  chemistry, 
thermal treatments,  and deformation processing i s  necessary t o  
avoid t h i s  e f f e c t .  It  is  poss ib le ,  wi th in  limits, to  modify the  s i z e ,  
(14) d i s t r i b u t i o n  andvolume f r a c t i o n o f  A 1  CuMg t o  ob ta in  improved toughness . 2 
Fatigue Test ing 
Strain-Controlled Low Cycle Fatigue Test ing 
The f a t i g u e  problem has h i s t o r i c a l l y  been approached by sub- 
j e c t i n g  standard specimens t o  c y c l i c  loading and measuring cycles 
t o  f a i l u r e .  This type of s t r ess -cons t ro l l ed  t e s t i n g  r e s u l t s  i n  the  
t y p i c a l  "S-N" curve shown i n  Figure 2(a) and has long been used t o  
rank mate r i a l s  f o r  engineering app l i ca t ions  (41) . However, i n  many 
app l i ca t ions  , e  .g . some aerospace components, automobile p a r t s ,  o r  
pressure  vessels(41), i t  i s  o f t e n  des i rab le  t o  ob ta in  f a t i g u e  da ta  
a t  low c y c l i c  l i v e s ,  where r e s i s t a n c e  t o  c y c l i c  s t r a i n s ,  r a t h e r  than 
stresses, i s  of primary importance. Consequently, the  use of s t r a i n -  
control led  low cycle f a t i g u e  (LCF) test'tng has 'become a n  important 
t o o l  f o r  the  evaluat ion of a mate r i a l ' s  response t o  c y c l i c  loading a t  
( 4 2 )  o r  above the  m a t e r i a l ' s  y i e l d  s t r eng th  . 







(d l  
Various Empir ical  Treatments o f  Fa t igue  Data: 
( a )  Typica l  S-N curve,  (b) Cycl ic  hardening-softening 
curve,  ( c )  Coffin-Manson p l o t ,  and (d )  da/dN ve r sus  
AK t rea tment  of FCP d a t a .  
stress ampl i t i de  i s  monitored, l ead ing  t o  a  p l o t  of s t r e s s  ampli- 
tude ve r sus  cyc l e s  such as i n  F igure  2 (b ) .  A m a t e r i a l ' s  stress response 
dur ing  a  LCF test may be: (1) c y c l i c  hardening (curve A i n  F igure  
2 ( b ) ) ,  (2)  c y c l i c  s o f t e n i n g  (curve  B ) ,  o r  (3) s a t u r a t i o n  (curve C) .  
From a number of LCF tests conducted a t  d i f f e r e n t  s t r a i n  ampli tudes,  
a  cyc1i.c s t r e s s - s t r a i n  curve may be p l o t t e d  from t h e  empi r i ca l  
r e l a t i o n  shown i n  Equation 3. 
where : 
a - t e n s i l e  s t r e s s  ampli tude a t  s a t u r a t i o n ,  a 
A €  
p - p l a s t i c  s t r a i n  ampli tude a t  s a t u r a t i o n ,  
2  
n '  - c y c l i c  work hardening exponent.  
Engineers  have r e c e n t l y  begun t o  u se  the  c y c l i c  s t r e s s - s t r a i n  curve 
i n  the  des ign  of p a r t s  sub jec t ed  t o  f a t i g u e  loading  s i n c e  the  monotonic 
s t r e s s - s t r a i n  curve may n o t  g ive  a t r u e  r e p r e s e n t a t i o n  of a m a t e r i a l ' s  
c y c l i c  s t r e n g t h .  
The t rea tment  of s t r a i n - c o n t r o l l e d  LCF d a t a  can a l s o  b e  
accomplished through t h e  use of t h e  empi r i ca l  Coffin-Manson (43,44) 
r e l a t i o n s h i p ,  Equat ion 4. 
where : 
s' - f a t i g u e  d u c t i l i t y  c o e f f i c i e n t ,  
f  
2Nf - twice t h e  number of  cyc l e s  t o  f a i l u r e ,  
c - f a t i g u e  d u c t i l i t y  exponent. 
A g r a p h i c a l  r e p r e s e n t a t i o n  of t he  Coffin-Manson p l o t  i s  shown i n  
(45) F igure  2 ( c )  . The va lue  o f  E ' i s  taken a t  2Nf = 1 / 2 ( ~ ~ ) ,  o r  2Nf = 1 , 
and h a s  been o f t e n  equated wi th  the  va lue  of  E t h e  t r u e  s t r a i n  t o  f' 
f r a c t u r e  i n  a monotonic t e n s i l e  t e s t .  However, i n  aged aluminum 
a l l o y s ,  € I f  h a s  o f t e n  been observed t o  be  cons iderably  l a r g e r  than  E ~ .  
The va lue  of c  has  t y p i c a l l y  been observed t o  range from -0.5 t o  
-0.7 f o r  most aged aluminum a l l o y s .  Sanders and S t a r k e  (25) showed t h a t  
t h e  va lue  o f  c  w a s  s e n s i t i v e  t o  aging t rea tment  and l a r g e  d i f f e r e n c e s  
i n  g r a i n  s t r u c t u r e  f o r  Al-Zn-Mg-type a l l o y s .  Other i n v e s t i g a t o r s  
have shown t h a t  cons ide rab le  d e v i a t i o n s  from l i n e a r i t y  occur  i n  t h e  
Coffin-Manson p l o t s  of aluminum a l l o y s  p a r t i c u l a r l y  a t  long LCF 
l i v e s ( 3 0 y  43946947)  . Typica l ly  observed LCP l i v e s  a t  low s t r a i n  
ampli tudes were much s h o r t e r  than  p r e d i c t e d  by e x t r a p o l a t i o n  from the  
h igh  s t r a i n  ampli tude p o r t i o n  of t he  curve. Many exp lana t ions  have 
been o f f e r e d  t o  e x p l a i n  t h e  f a i l u r e  of Coffin-Manson p l o t s  t o  p r e d i c t  
LCF d a t a  of  aluminum a l l o y s .  However, most o f t e n ,  t h e s e  phenomena 
were a t t r i b u t e d  t o  m i c r o s t r u c t u r a l  e f f e c t s  which caused s t r a i n  l o c a l -  
i z a t i o n  ( i . e . ,  non-homogeneous deformation) a t  low p l a s t i c  s t r a i n  
amp li tude s . 
Fat igue  Crack Propagat ion T e s t a  
Recent f a t i g u e  s t u d i e s  of  aluminum a l l o y s  have been aimed a t  
improving t h e  r e s i s t a n c e  t o  f a t i g u e  crack propagat ion (FCP). This 
approach has  been made necessary by t h e  h igh  p r o b a b i l i t y  of t he  ex is -  
tence  o f  material o r  manufacturing d e f e c t s  as crack  i n i t i a t i o n  sites 
i n  a c t u a l  s t r u c t u r e s .  Consequently, crack growth rates are t h e  primary 
determinant  of  t o t a l  f a t i g u e  l i f e  i n  such s t r u c t u r e s .  
Experimental ly ,  t h e  most common measurement of  m a t e r i a l  
s u s c e p t i b i l i t y  t o  FCP is  based upon the  de te rmina t ion  of c rack  growth 
da  rate, - 
dN' 
as a func t ion  of AK, t he  s t r e s s  i n t e n s i t y  range. The most 
gene ra l ly  accepted c rack  growth equa t ion  has  been proposed by P a r i s  
e t  a l .  (48) and is  shown i n  Equat ion 5 : 
da - -  - C . (AK) M 
dN 
where : 
A K = K  - K i s  t h e  s t r e s s  i n t e n s i t y  f a c t o r ,  
max Kmin' 
C and M = exper imenta l ly  determined parameters .  
Values f o r  M found i n  t h e  l i t e r a t u r e  u sua l ly  range between 2 and 4. 
Extensive reviews of  t h e  FCP l i t e r a t u r e  may be  found i n  References 46 
and 49. Equat ions used t o  c a l c u l a t e  K f o r  va r ious  specimen des igns  are 
g iven  i n  Reference 49.  
The b a s i c  FCP behavior  of aluminum a l l o y s  a r e  g e n e r a l l y  de f ined  
da 
by p l o t s  of l o g  - ve r sus  l o g  AK as shown i n  F igure  2 (d ) .  Fa t igue  
dN 
crack  propagat ion  i n  Region I of F igu re  2(d) i s  s a i d  t o  e x h i b i t  a  
11 threshold" e f f e c t ,  i.e. t h e r e  i s  a AK below which f a t i g u e  c racks  w i l l  
t h  
no t  propagate .  I n  Region 11, da/dN varies wi th  AK accord ing  t o  t h e  
P a r i s  equat ion .  PCP r a t e s  i n  Region 111 d e v i a t e  from t h e  p r e d i c t i o n s  
of P a r i s  as they a sympto t i ca l ly  approach a l i m i t i n g  v a l u e  of f r a c t u r e  
toughness,  Kc.  The a c c e l e r a t i o n  of FCP r a t e s  i n  t h i s  r eg ion  i s  
o f t e n  a t t r i b u t e d  t o  a t r a n s i t i o n  t o  p lane  s t r e s s  i n  Region 111 from 
plane  s t r a i n  i n  Region 11, From t h e  comparison of da/dN v e r s u s  
AK d a t a ,  t h e  e f f e c t s  of such v a r i a b l e s  as h e a t  t rea tment ,  p rocess ing  
v a r i a b l e s ,  and environment on PCP may be  i n v e s t i g a t e d .  
M i c r o s t r u c t u r a l  E f f e c t s  on Fa t igue  i n  7XXX Alloys 
Cyc l i c  S t ress-S t r a i n  Response 
Since t h e  advent  of s t r a i n - c o n t r o l l e d  LCF t e s t i n g ,  a g r e a t  
d e a l  o f  e f f o r t  has  been devoted t o  t h e  s tudy  of m i c r o s t r u c t u r a l  
e f f e c t s  on c y c l i c  s t r e s s - s t r a i n  behavior .  The observa t ion  t h a t  
va r ious  aluminum a l l o y s  c y c l i c a l l y  harden o r  s o f t e n  w a s  t y p i c a l l y  
a t t r i b u t e d  t o  t he  type of p r e c i p i t a t e  s t r u c t u r e  p r e s e n t  i n  t h e  
a l l o y .  The work o f  Calabrese and ~ a i r d ' ~ " ~ ~ )  has  been most 
h e l p f u l  i n  understanding t h e  p r e c i p i t a t e - d i s l o c a t i o n  i n t e r a c t i o n s  
which c o n t r o l  c y c l i c  s t r e s s - s t r a i n  response dur ing  LCF. They 
s t r a in -cyc led  an  A1-4Cu a l l o y  conta in ing  d i f f e r e n t  p r e c i p i t a t e  
s t r u c t u r e s  and c o r r e l a t e d  t h e i r  r e s u l t s  t o  TEM observa t ions .  The 
au tho r s  noted  t h a t  t h e  mic ros t ruc tu re s  con ta in ing  s h e a r a b l e  GP zones c y c l i -  
c a l l y  hardened t o  a s a t u r a t i o n  s ta te  and then  so f t ened .  They 
c o r r e l a t e d  t h e  behavior  t o  an  i n c r e a s e  i n  d i s l o c a t i o n  d e n s i t y  
(hardening)  followed by t h e  accumulation of d i s l o c a t i o n s  i n t o  
d i s c r e t e  bands ( s o f t e n i n g ) .  The au tho r s  a t t r i b u t e d  t h e  s o f t e n i n g  
t o  a  scrambling of t h e  ordered  zones by the  t o  and f r o  motion of 
d i s l o c a t i o n s  on t h e i r  g l i d e  p l anes ,  The r educ t ion  i n  o rde r  of t h e  
zones des t roys  t h e i r  hardening c a p a b i l i t i e s ,  l e ad ing  t o  t he  accum- 
u l a t i o n  of d i s l o c a t i o n s  i n  p l ana r  bands. For s t r a in -con t ro l l ed  
cyc l ing  of  mic ros t ruc tu re s  conta in ing  a f i n e  d i s p e r s i o n  of 
i ncohe ren t  p l a t e - l i k e  p r e c i p i t a t e s ,  they noted very  l i t t l e  work 
hardening,  followed by immediate s a t u r a t i o n  of t h e  stress ampli tude.  
No c y c l i c  s o f t e n i n g  w a s  observed. From TEM obse rva t ions ,  they 
determined t h a t  d i s l o c a t i o n s  are s t o r e d  a t  t h e  p la te -mat r ix  
i n t e r f a c e s  and the  s a t u r a t i o n  s t r e s s  i s  determined by t h e  s h u t t l i n g  
of d i s l o c a t i o n s  between t h e  p l a t e - l i k e  p r e c i p i t a t e s .  I n  micro- 
s t r u c t u r e s  con ta in ing  ve ry  coa r se  i ncohe ren t  p r e c i p i t a t e s ,  d i s l o -  
c a t i o n  c e l l s  a r e  formed and the  c y c l i c  s t r e s s - s t r a i n  response is 
similar t o  t h a t  f o r  s i n g l e  phase m a t e r i a l s .  The s a t u r a t i o n  stress 
i s  accounted f o r  by t h e  s h u t t l i n g  of  d i s l o c a t i o n s  between c e l l  w a l l s .  
While t he  previous  work is  impor tan t  i n  d e r i v i n g  mechanisms 
for c y c l i c  s t r e s s - s  t r a i n  response,  i t  has  been observed (52) t h a t  
commercial 7XXX a l l o y s ,  i n  c o n t r a s t  t o  t h e  b ina ry  a l l o y s  j u s t  
descr ibed  do n o t  undergo c y c l i c  s o f t e n i n g  by p r e c i p i t a t e - d i s l o c a t i o n  
i n t e r a c t i o n s .  La i rd  (52) a t t r i b u t e s  t h i s  e f f e c t  t o  t h e  s t r a i n  
homogenization induced by t h e  presence  of d i spe r so ids  and t h e  
commercial p rocess ing  which tends t o  produce a less -ordered ,  
I t  scrambled" s t r u c t u r e .  Another s tudy  (53) h a s  r epo r t ed  c y c l i c  
sof tening i n  7XXX a l l o y s  subjected to  commercial-type processing. 
However, the  author pointed o u t  t h a t  the  sof tening was not  a  
r e s u l t  of repeated precipi ta te-shear ing by d i s loca t ions ,  bu t  was 
due to extens ive  micro-cracking on the  specimen surface  during 
l a t t e r  s t ages  of the  LCF test. 
Crack I n i t i a t i o n  and Stage I Propagation 
Micros t ructura l  e f f e c t s  on f a t i g u e  f a i l u r e  i n  aluminum 
a l l o y s  can be i n t e r p r e t e d  a s  they r e l a t e  t o  the  two s tages  of the  
f a t i g u e  process:  (a) crack i n i t i a t i o n ,  and (b) crack propagation. 
Micros t ructura l  f ea tu res  such a s  g r a i n  s i z e  and second phase 
p a r t i c l e s  can s i g n i f i c a n t l y  alter these processes during f a t i g u e  
of 7XXX a l l o y s .  
Crack i n i t i a t i o n  o f ten  takes p lace  i n  smooth specimens by a 
process of s l i p  band decohesion. P e r s i s t e n t  s l i p  bands CPSB'S), 
which a r e  formed during c y c l i c  loading,  i n t e r s e c t  the specimen 
sur face  and become the  sites f o r  the  occurence of in t rus ions  and/or 
ext rus ions  ( 4 9 ) .  One d i s loca t ion  model which accounts f o r  t h i s  
phenomenon i s  the random-walk mechanism i n  which a s e r i e s  of 
random, i r r e v e r s i b l e  displacements on the  primary g l i d e  plane 
( 4 9 )  with in  the  PSB leads  t o  the  development of a  notch peak topography . 
A s l i p  ra tche t ing  mechanism pos tu la tes  a r e p e t i t i v e  movement of 
screw d i s loca t ions  with each cycle t h a t ,  depending upon the  s i g n  of 
the  d i s loca t ion ,  forms an i n t r u s i o n  o r  extrusion.  After  the  i n i t i a t i o n  
of a  crack, Stage I crack propagation occurs i n  which the  crack 
grows along the  s l i p  band. Due t o  the  c rys ta l lograph ic  na tu re  of both 
events,  i t  i s  extremely d i f f i c u l t  t o  separa te  c ~ a c k  i n i t i a t i o n  and 
Stage I growth. Consequently, i t  is of ten  necessary t o  choose an 
a r b i t r a r y  measure of length  f o r  a  crack before we can say t h a t  crack 
i n i t i a t i o n  has occurred. 
In age-hardened 7XXX a l l o y s ,  p r e c i p i t a t e  s t r u c t u r e s  which con t ro l  
s l i p  mode can s i g n i f i c a n t l y  a f f e c t  crack i n i t i a t i o n  processes. Hunter 
and Fricke (54) noted t h a t  increas ing magnesium addi t ions  t o  alumi- 
num a l loys  promoted loca l i zed  deformation and decreased high cycle 
f a t i g u e  l i f e  even though s t a t i c  s t r eng th  was increased. Another 
study (55) showed t h a t  the  f a t i g u e  l i f e  of Al-Cu-Mg was improved by the  
addi t ion  of "0.1-0.2 micron s i zed  i n c o h e r e n t ' p a r t i c l e s .  Dislocation 
s t r u c t u r e s  i n  such a l l o y s  were much more homogeneous than t h e  banded 
PSB s t r u c t u r e s  found i n  pure Al-Cu-Mg wi th  no incoherent  p a r t i c l e s .  
~ i n n e y ' s ( ~ ~ )  r e s u l t s  showed t h a t  a  p lanar  s l i p  mode i n  Al-Cu-Mg 
a c t u a l l y  increased f a t i g u e  l i f e  due t o  an increased degree of s l i p  
r e v e r s i b i l i t y .  The two s t u d i e s  may seem somewhat contradic tory  s ince  
the  b e n e f i c i a l  e f f e c t s  on fa t igue  res i s t ance  of the  two types of  p a r t i c l e s  
(coherent and incoherent) a r i s e  from d i f f e r e n t  mechanisms. I n  
recent  s t u d i e s  , ~ r o s s k r e u t z ( ~ ' )  , ~ i n e ' ~ ~ )  , and Calabrese and Laird (50) 
have proposed t h a t  a  micros t ructure  containing a f i n e ,  closely-  
spaced coherent d ispers ion t o  increase  y i e l d  stress and l a r g e  
p a r t i c l e s  t o  homogenize the  deformation would y i e l d  good f a t i g u e  
res i s t ance .  Sanders and Starke  (25) have recen t ly  s tud ied  the  re la -  
t ionship  between micros t ructure  and low cycle f a t i g u e  r e s i s t a n c e  i n  two 
Al-Zn-Mg type a l loys .  Their  r e s u l t s  indica ted  t h a t  micros t ructures  
which promote homogeneous s l i p  (e.g., small  g ra in  s i z e s ,  incoherent  
p r e c i p i t a t e s )  lead to  improved low cycle  f a t i g u e  l i f e ,  s i n c e  the  
el iminat ion of p lanar  s l i p  tends t o  delay crack i n i t i a t i o n  a t  high 
s t r a i n  amplitudes. However, t h e i r  da ta  a l s o  predic ted  t h a t ,  f o r  long 
f a t i g u e  lives, s l i p  r e v e r s i b i l i t y  may be the  most important f a c t o r  
f o r  increas ing f a t i g u e  l i f e .  
The concept of s l i p  mode i s  e s s e n t i a l  t o  the  explanation of 
g ra in  s i z e  e f f e c t ,  on f a t i g u e  crack i n i t i a t i o n .  Thompson and Backofen (59 
a t t r i b u t e d  g ra in  s i z e  e f f e c t s  on high cycle f a t i g u e  t o  the  propaga- 
t i o n  of Stage I cracks. They pointed ou t  t h a t ,  i n  p lanar  s l i p  
m a t e r i a l s ,  d i s loca t ion  motion accompanying crack growth i s  not  
impeded u n t i l  a g r a i n  boundary i s  encountered. I n  wavy s l i p  mate r i a l s ,  
d i s l o c a t i o n  c e l l  s t r u c t u r e s  hinder Stage I crack growth and e l iminate  
the  g ra in  s i z e  e f f e c t .  
Laird and Fe l tne r  (60) a t t r i b u t e d  g ra in  s i z e  e f f e c t s  on LCP 
to  the  nucleat ion and growth of Stage I cracks a t  g ra in  boundaries. 
As the  s e v e r i t y  of su r face  deformation increases  during a f a t i g u e  
test , fo ld ing occurs a t  g ra in  boundaries to accommodate d i f ferences  
i n  s t r a i n  between adjacent  grains(61). The fo lds  become more severe 
u n t i l  Stage I cracks a r e  i n i t i a t e d .  As the  s t r e s s  i n t e n s i t y  a t  the 
t i p  of the Stage I crack increases  g ra in  boundaries become the  
dominant f a c t o r  i n  contxoll ing t h e  s e v e r i t y  of fo ld ing and r e s u l t a n t  
Stage I cracking. A s i m i l a r  argument was o f fe red  by Pe l tne r  and 
Beardmore (62) who proposed t h a t  s l i p  o f f s e t s  and r e s u l t a n t  stresses 
developed a t  g ra in  boundaries a r e  smaller  i n  fine-grained m a t e r i a l s  
( regardless  of s l i p  mode). Thus, the  occurrence of crack i n i t i a t i o n  
is  delayed and LCF l i f e  i s  increased f o r  smal ler  g ra in  s i z e s .  However, 
the  authors c i t e d  da ta  t o  show t h a t  very l a r g e  reductions i n  g ra in  
s i z e  a r e  necessary t o  ob ta in  r a t h e r  l imi ted  improvements i n  LCF l i f e .  
They observed t h a t  achievement of increases  i n  the  cohesive s t r eng th  
of g ra in  boundaries would a l s o  be b e n e f i c i a l  to  LCF res i s t ance .  
Stage I1 Crack Propagation 
Propagation of Stage I1 f a t i g u e  cracks takes  p lace  i n  
a d i r e c t i o n  perpendicular  t o  t h a t  of the  appl ied  t e n s i l e  s t r e s s .  Laird ( 6 3 )  
has proposed t h a t ,  due t o  the  in tense  p l a s t i c  deformation occurring 
a t  t h e  crack t i p ,  Stage I1 cracks produce c h a r a c t e r i s t i c  f a t i g u e  
s t r i a t i o n s  with each cycle by a p l a s t i c  b lunt ing mechanism. However, 
the  absence of f a t i g u e  s t r i a t i o n s  when FCP occurred i n  a vacuum ( 6 4 )  l e d  
t o  o the r  proposed mechanisms (65' . These mechanisms have been 
reviewed i n  more d e t a i l  elsewhere (53) 
Features most o f t e n  observed on FCP f r a c t u r e  surfaces  of 
(67) 7XMI a l l o y s  include both d u c t i l e  and b r i t t l e  s t r i a t i o n s  . The d u c t i l e  
s t r i a t i o n s  a r e  smooth and continuous, and a r e  usual ly  found normal 
t o  the macroscopic FCP d i rec t ion .  B r i t t l e  s t r i a t i o n s  o f t e n  are not  
recognized a s  s t r i a t i o n s  s ince  they a r e  wider and f l a t t e r  than the  d u c t i l e  
v a r i e t y .  They o f t e n  appear to  be almost quasi-cleavage i n  na tu re  
and a r e  o f t e n  found t o  be  associa ted  with r i v e r  p a t t e r n s  perpendicular  
t o  the  crack growth d i rec t ion .  
The e f f e c t s  of mic ros t ruc tu ra l  f e a t u r e s  on FCP i n  7XXX a l l o y s  
i s  s t i l l  somewhat unclear .  Some s t u d i e s  indicated  t h a t  a l l o y  
composition and aging treatment can s i g n i f i c a n t l y  a f f e c t  PCP r a t e s ,  
p a r t i c u l a r l y  i n  the presence of corros ive  environments (2 9 46 9 6 8 )  . Under 
corrosion-fat igue condit ions,  a l l o y s  with shearable p r e c i p i t a t e s  
exhibi ted  marked acce le ra t ion  of PCP compared t o  i n e r t  ewironments.  
Other s t u d i e s  showed, however, t h a t  FCP r a t e s  a r e  r e l a t i v e l y  
unchanged by di f ferences  i n  a l loy  chemistry o r  h e a t  treatment (69,701 
The r o l e  played by cons t i tuen t  p a r t i c l e s ,  e.g. A l  Cu Fe o r  
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A12CuMg, i n  the  FCP process is  f a i r l y  well-established a t  high 
%2 AK (>20MPam,). I n  t h i s  stress i n t e n s i t y  range, cons t i tuen t  p a r t i c l e s  
i n i t i a t e  voids i n  t h e  p l a s t i c  zone ahead of the  crack and FCP 
i s  accelera ted  by the  link-up of these  voids. A t  luwer AK, some 
workers (71) argue t h a t  inc lus ions  may ac tua l ly  r e t a r d  FCP by causing 
the  crack t o  devia te  from i ts  preferred  path normal t o  the  applied 
stress. This conclusion f i n d s  support i n  recent  spectrum loading 
t e s t s ( 7 2 ) ,  i n  which a l loys  with h igher  cons t i tuen t  contents showed 
s i g n i f i c a n t l y  slower growth r a t e s  than purer  materials following 
per iodic  overloads. However, a recent  thorough study(6) of micro- 
s t r u c t u r a l  e f f e c t s  on FCP i n  7XXX a l loys  showed no e f f e c t s  of 
cons t i tuen t  p a r t i c l e s  a t  low t o  intermediate AK. 
There is some controversy regarding the  e f f e c t  of g ra in  
s t r u c t u r e  on Stage I1 PCP. By changing dispersoid  d i s t r i b u t i o n  v i a  
d i f f e r e n t  homogenization p rac t i ces ,  Rosenf i e l d  et al ' l)  modified t h e  
g r a i n  s i z e ,  shape, and degree of  r e c r y s t a l l i z a t i o n  (DR) of a wide 
v a r i e t y  of 7XXX a l loys .  They found t h a t  smaller  g ra in  s i z e  and more 
unrec rys ta l l i zed  microstructures l e d  t o  reduced PCP r a t e s .  An equally 
comprehensive s t ~ d y ' ~ ) ,  on the  o the r  hand, found t h a t  PCP r a t e s  w e r e  
i n s e n s i t i v e  t o  l a rge  changes i n  g ra in  s i z e .  I t  i s  probable t h a t  
g r a i n  s i z e  e f f e c t s  of PCP i n  commercial 7XXX a l loys  a r e  contingent 
upon such va r iab les  as temper ( s l i p  mode), inc lus ion  content 
(mechanical f i b e r i n g ) ,  f r a c t u r e  mode ( i n t e r g r a n u l a r  o r  t r a n s g r a n u l a r ) ,  
and poss ib ly  t e x t u r e .  
Thennomechanical Treatments f o r  7XXX Alloys 
E f f o r t s  t o  o b t a i n  improved f r a c t u r e  toughness and f a t i g u e  
r e s i s t a n c e  have l e d  t o  t h e  a p p l i c a t i o n  of va r ious  thermomechanical 
t rea tments  (TMT) dur ing  process ing  of 7XXX a l l o y s .  For convenience, 
t h e  d i scuss ion  of TMT may b e  d iv ided  i n t o  two c l a s s i f i c a t i o n s :  
(1) F i n a l  Thermomechanical Treatments (FTMT), which are app l i ed  t o  
t h e  wrought product ,  and (2)  In t e rmed ia t e  Thermomechanical Treatments 
(ITMT), which are app l i ed  t o  t h e  i n g o t  b e f o r e  f i n a l  working. 
Developments i n  t h e  a p p l i c a t i o n  of TMT t o  7XXX a l l o y s  w i l l  b e  
examined w i t h  p a r t i c u l a r  emphasis on t h e i r  p o t e n t i a l  t o  a f f e c t  f a t i g u e  
p rope r t i e s .  
F i n a l  Thermomechanical Treatments a r e  app l i ed  t o  aluminum 
a l l o y s  a f t e r  t h e  f i n a l  h o t  working opera t ion .  The sequence of 
o p e r a t i o n s  dur ing  FTMT c o n s i s t s  of a  pre-aging s t e p ,  followed by 
a cold- o r  warm-working s t e p ,  followed by a  f i n a l  ag ing  s t e p .  The 
s i g n i f i c a n t  i n c r e a s e s  i n  s t r e n g t h  der iyed  i n  a l l o y s  f rom FTMT . r e s k l t  
from t h e  dense d i s l o c a t i o n  network in t roduced  dur ing  t h e  mechanical 
working ope ra t ion .  The f i n a l  aging s t e p  supposedly l e a d s  t o  
heterogeneous n u c l e a t i o n  of TI' on d i s l o c a t i o n s ,  r e s u l t i n g  i n  a  
pinning e f f e c t  which, according t o  0s  terrean(161, s t a b i l i z e s  the  
d i s l o c a t i o n  network. (However, i t  should b e  noted t h a t ,  a t  t h e  
temperature (120.C) used f o r  t h e  second aging s t e p  i n  t h e  o r i g i n a l  
i n v e s t i g a t i o n  of t h i s  type'16), t h e  p r o b a b i l i t y  o f  heterogeneous 
p r e c i p i t a t i o n  of n' is  low. This temperature i s  below the  GP zone 
solvus (73) f o r  7075 where homogeneous decomposition of the  a l loy  
normally occurs. Consequently, pinning of d i s loca t ions  by n' i s  not  
expected t o  r e s u l t  i n  a major strengthening e f f e c t )  . 
Early s t u d i e s  of 7XXX a l loys  subjected t o  FTMT concentrated 
on the  determination of S-N curves f o r  these  mate r i a l s .  Osterman (16) 
reported a s i g n i f i c a n t  increase  i n  f a t i g u e  s t reng th  of 7075 when 
a FTMT was applied.  The improvement i n  f a t i g u e  r e s i s t a n c e  was 
a t t r i b u t e d  to  the  increased homogeneity of deformation occurring i n  the  
PTMT a l loys .  According t o  Osterman, the  d i s loca t ion  network pro- 
v ides  sites f o r  s l i p  i n i t i a t i o n  throughout the micros t ructure  and 
prevents the  formation of narrow d i s loca t ion  bands. The homogeni- 
za t ion  of deformation leads  t o  an increased res i s t ance  to  crack 
i n i t i a t i o n ,  and consequently t o  improved f a t i g u e  l i f e .  Ostennan's 
d a t a  a l s o  showed t h a t  the  improved f a t i g u e  res i s t ance  i s  not  simply 
due t o  the  increased s t reng th  of FTMT 7075. The endurance r a t i o  
( f a t i g u e  strength/UTS) of the  FTMT material i s  s i g n i f i c a n t l y  higher 
(0.27 vs .  0.22) than t h a t  of the  commercially processed 7075. 
A v i  t zur (74) s t a t e d  t h a t  the  improvement i n  f a t i g u e  p roper t i e s  observed 
by Osterman could be a r e s u l t  of the  e l iminat ion of p rec ip i t a te - f ree -  
zones (PFZ's) adjacent  t o  g r a i n  boundaries by the  FTMT. PFZ's 
have previously been c i t e d  a s  the causes f o r  in te rg ranu la r  f r a c t u r e  
and l o s s  of d u c t i l i t y  i n  Al-Zn-Mg type a l l o y s .  However, Osterman (75) 
pointed ou t ,  i n  support  of h i s  o r i g i n a l  i n t e r p r e t a t i o n ,  t h a t  PFZ's 
i n  commercial-type a l loys  a r e  very smal l  and t h a t  FTMT d i d  no t  have 
an appreciable e f f e c t  on the  f r a c t u r e  mode of 7075. 
However, t h e  e f f e c t  of FTMT on f a t i g u e  l i f e  of 7XXX-series 
a l l o y s  has n o t  been conclus ive ly  e s t a b l i s h e d .  Two s t u d i e s  (23,761 
showed inc reases  i n  f a t i g u e  l i f e  due t o  PTMT a p p l i c a t i o n  similar 
t o  t h e  r e s u l t s  of  Ostermanl s(16)  work, whi le  two o t h e r  s t u d i e s  (4,171 
showed s l i g h t l y  poorer  f a t i g u e  r e s i s t a n c e  f o r  FTMT-7000 s e r i e s  a l l o y s .  
Another s tudy  ( I8 )  concluded t h a t  FTMT "does n o t  appear  t o  o f f e r  
very  much p o t e n t i a l  f o r  improving t h e  f a t i g u e  s t r e n g t h  of  7075" 
and po in t ed  t o  t h e  n e c e s s i t y  of us ing  h ighe r  p u r i t y  a l l o y s  t o  
o b t a i n  i n c r e a s e s  i n  f a t i g u e  r e s i s t a n c e .  Recent r e s u l t s  (52) f o r  
t he  c y c l i c  s t r e s s - s t r a i n  response of FTMT 7XXX a l l o y s  showed t h a t  
t h e  d i s l o c a t i o n  s t r u c t u r e  in t roduced  during FTMT was uns t ab le  and 
l e d  t o  s e r i o u s  c y c l i c  s o f t e n i n g  dur ing  s t r a i n - c o n t r o l l e d  LCF. 
~ a i r d ' ~ ~ )  a l s o concluded t h a t  any b e n e f i t s  i n  f a t i g u e  r e s i s t a n c e  
from t h e  a p p l i c a t i o n  of  FTMT t o  7XXX a l l o y s  a r e  u n l i k e l y .  
Other s t u d i e s  (2?5)  have at tempted t o  e v a l u a t e  t h e  FCP 
r e s i s t a n c e  of  FTMT 7XXX a l l o y s .  ~ ~ a t t " )  found t h a t  overaged 
mic ros t ruc tu re s  and h i g h e r  p u r i t y  were as b e n e f i c i a l  t o  crack- 
growth r e s i s t a n c e  as any FTMT employed i n  h i s  s t u d i e s .  Thompson 
and ~ i n k h a . m ( ~ )  showed t h a t  s i g n i f i c a n t  improvements i n  FCP r e s i s t a n c e  
were r e a l i z e d  by h i g h e r  p u r i t y  l e v e l s  as w e l l  a s  t h e  a p p l i c a t i o n  of 
FTMT t o  7075. SEM obse rva t ions  r evea l ed  a l a r g e r  i nc idence  of 
c rack  branching  and undula t ions  i n  t h e  FTMT m a t e r i a l ,  b u t  no b a s i c  
change i n  t h e  mode of c rack  propagat ion  compared t o  t h e  commercial 
7075. Hence, t h e  au thors  proposed t h a t  t he  lower c rack  growth rates 
observed i n  FTMT 7075 a r e  due t o  a  more to r tuous  f a t i g u e  c rack  pa th .  
In te rmedia te  Thennomechanical Treatments 
I n i t i a l  work i n  t he  a r e a  of process ing  aluminum i n g o t s  
showed t h a t  s u b s t a n t i a l  i nc reases  i n  d u c t i l i t y  and toughness could 
be obta ined  by a r educ t ion  of  undissolved second phases i n  t hese  
a l l o y s  (77y78) .  These improvements were achieved by t h e  use  of 
"cleaner" (e .g. , lower Fe and S i  conten t )  m a t e r i a l s  and more 
e f f e c t i v e  homogenization h e a t  t rea tments .  It w a s  shown t h a t  a 
s m a l l e r  d e n d r i t e  arm spac ing  i n  t h e  i n g o t  m a t e r i a l  f a c i l i t a t e d  
homogenization and l e d  t o  improved mechanical p r o p e r t i e s  a f t e r  h o t  
working. 
The most r e c e n t  developments i n  the  f i e l d  of ITMT have been 
aimed a t  t h e  product ion of  f i n e ,  homogeneous g r a i n  s t r u c t u r e s  i n  
t hese  a l l o y s  ( 7 y 2 4 )  . Conventional process ing  rece ived  by comer -  
c i a 1  a l l o y s  r e s u l t s  i n  highly-elongated g r a i n s  and o f t e n  i n  d i r ec -  
t i o n a l  mechanical p r o p e r t i e s .  Poor f r a c t u r e  r e s i s t a n c e  i n  t h e  
s h o r t  t r a n s v e r s e  d i r e c t i o n  has long been a problem i n  7XXX t h i c k  
p l a t e  m a t e r i a l ( 7 ) .  DiRusso e t  a l .  ( 2 4 )  s t a t e  t h a t  t h e  e longated  
11 pancake" g r a i n s  of commercially-processed 7075 r e s u l t  from t h e  
p r e c i p i t a t i o n  of E phase p a r t i c l e s  p r i o r  t o  h o t  working, a l lowing 
the  as -cas t  i n g o t  s t r u c t u r e  t o  be  r e t a i n e d  as t h e  primary determinant  
of  f i n a l  wrought g r a i n  morphology. An ITPlrr was developed by DiRusso 
e t  a l .  (24)  (ISEIL-ITNT) which r e t a i n e d  most of t h e  C r  i n  s o l i d  
s o l u t i o n  during a p a r t i a l  homogenization and low temperature deforma- 
t i o n  s t e p ,  thus making t h e  C r  i n e f f e c t i v e  i n  prevent ing  r e c r y s t a l l i -  
z a t i o n  i n t o  a f i n e  g r a i n  s t r u c t u r e .  A subsequent homogenization s t e p  
p r e c i p i t a t e s  t h e  C r  as t h e  E phase and s t a b i l i z e s  t he  f i n e  s t r u c t u r e .  
Additional s t u d i e s  a t  Frankford ~ r s e n a l '  showed t h a t  the  maintenance 
of C r  i n  s o l i d  so lu t ion  p r i o r  t o  deformation i s  not  necessary i n  
o rder  t o  ob ta in  a f i n e ,  r e c r y s t a l l i z e d  g ra in  s t r u c t u r e .  Their  
process,  designated FA-ITXT(~), uses a long time ingot  homogenization 
t o  p r e c i p i t a t e  the  C r  as E phase and an annealing s t e p  t o  p r e c i p i t a t e  
the  major a l loying elements, Zn, Mg, and Cu, as coarse p a r t i c l e s  
p r i o r  t o  deformation. When the  a l loying elements a r e  re ta ined i n  
s o l i d  s o l u t i o n  before  working (with C r  present  a s  E phase), f i n e  
g ra in  s t r u c t u r e s  a r e  not  obtained. The mechanism by which the  
d i s t r i b u t i o n  of major a l loy ing  elements a f fec ted  the  f i n a l  wrought 
g r a i n  s t r u c t u r e  w a s  no t  explained by the authors.  
The goal  of achieving s i g n i f i c a n t  increases  i n  the  mechanical 
p roper t i e s  of 7XMI aluminum a l loys  through the  use of ITMT has been 
(7) a t t a i n e d  to  some degree. S ign i f i can t  increases  i n  elongation , 
(24) toughness , and stress corrosion res i s t ance  (24) of ITMT-processed 
7075 have been reported.  S l i g h t  increases  i n  y i e l d  s t r eng th  were 
observed, even though the  reduction i n  g r a i n  s i z e  was very g r e a t .  
However, t h i s  r e s u l t  may be expected s ince  the  g r a i n  s i z e s  of these  
mate r i a l s  a r e  very l a r g e  i n  comparison t o  the  spacing of t h e  hardening 
p r e c i p i t a t e s  (GP zones and q'). 
Severa l  s t u d i e s  (5' 7' 249  25) have pointed t o  the  p o s s i b i l i t i e s  
of achieving some improved f a t i g u e  p roper t i e s  through t h e  app l i ca t ion  
of ITMT t o  7XXX a l loys .  However, t o  date ,  there  has been no systematic 
study of the  f a t i g u e  performance of these  mate r i a l s .  One recen t  work (11) 
has evaluated the  p o t e n t i a l  of ITMT f o r  improving corrosion PCP 
res i s t ance  of 7XXX forgings. Zola (11) reported superiox:performance . 
of ITMT a l loys  i n  3.5% NaCl solut ion.  However, the  7475 ITMT PCP 
da ta  was compared t o  da ta  f o r  7075-T73, which leaves some doubt a s  
t o  whether FCP res i s t ance  was improved by ITMT o r  by the  d i f f e r e n t  , 
a l l o y  composition and pur i ty  l e v e l s  of  7475. 
CHAPTER I11 
EXPERIMENTAL PROCEDURES 
The aluminum a l loys  used i n  t h i s  research were produced by 
the Alcoa Technical Center, Alcoa Center, Pennsylvania. The chemical 
compositions i n  weight percent  of the  a l loys  a r e  shown i n  Table 1. 
P a r t  of the  7050 ingo t  was t r e a t e d  by ITMT a t  the  Pitman Dunn 
Laboratory, Frankford Arsenal. As-recrystal l ized (AR) and as- 
r e c r y s t a l l i z e d  plus hot-rol led (AR+HR) 7050 ITMT mate r ia l s  w e r e  
received a s  2'5.4mm p l a t e  i n  the  T6X1 condition. (The T6X1 temper is  an 
experimental high-strength aging condit ion discussed by S t a l e 3  (U) in 
a previous study).  The 7050 mate r i a l  which was hot-rol led (HR) 
t o  s imula te  commercial processing was produced by Alcoa a s  3 8 . b  
p l a t e  and w a s  received i n  che F, as fabr ica ted ,  temper. Specimen 
blanks of the  7050 HR mate r i a l  were subsequently heat - t rea ted  t o  the  
T6X1 temper. The production of the  7475 mate r i a l s  CAR, HR, and ARMR) 
w a s  done a s  p a r t  of a previous i n v e s t i g a t i o n ( l O ) .  These materials w e r e  
received a s  3 8 . h  p l a t e  i n  the  T6 condit ion.  Processing schedules f o r  
the ITMT mater ia ls  a r e  shown schematical ly i n  Figure 3. Exact 
(10) processing d e t a i l s  f o r  the  HR mate r i a l s  are considered p ropr ie ta ry  , 
b u t  commercial ho t - r o l l i n g  temperatures f o r  7XXX a l l o y s  a r e  usual ly  
i n  the  400"-450°C range. H e a t  treatment and aging schedules f o r  the  
experimental ma te r i a l s  are shown i n  Table 1. Solut ioniz ing treatments 

Table 1. Chemical Composition and Heat Treatments of Experimental Alloys 
Chemical Composition 
Heat Treatment 
S o l u t i o n  Treatment 3h/477"C 2h1516"C 
Cold Wa.ter Quench Cold Water Quench 
Natura l  Age (Room Temperature) 5 days 4 days 
A r t i f i c i a l  Age 
were carried out in a molten salt bath. Aging. treatments for the 
7050 materials were done i n  a s i l i c o n e  o i l  ba th .  7475 materials were 
heat - t rea ted  by Alcoa i n  c i r c u l a t i n g  a i r  furnaces.  
Samples w e r e  c u t  from the  c e n t r a l  por t ions  of t h e  p l a t e s  and 
polished f o r  metal lographic examination of the  three  p r i n c i p a l  sec t ions .  
I n  order  t o  q u a n t i t a t i v e l y  determine the degree of r e c r y s t a l l i z a t i o n  
i n  the  mate r i a l ,  an HNO etching technique was found t o  b e  p re fe rab le  
3 
to  the conventionally used K e l l e r ' s  e tch .  Specimens were etched 
3-5 minutes i n  a 25% HNO -75% water  s o l u t i o n  a t  70°C. After  t h i s  
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t reatment,  subgrain and g ra in  boundaries were read i ly  v i s i b l e ,  thus 
g r e a t l y  enhancing the  con t ras t  between r e c r y s t a l l i z e d  and unrecrystal-  
l i z e d  areas .  From microphotographs, simple po in t  count techniques 
were used t o  determine the  percentage of r e c r y s t a l l i z e d  m a t e r i a l  
i n  t h e  microstructure.  Quan t i t a t ive  metallography was a l s o  used t o  
determine the  percentage of second phases i n  t h e  micros t ructures .  
F o i l s  f o r  transmission e l e c t r o n  microscopy (TEM) w e r e  prepared by 
standard techniques from the aged experimental mater ia ls .  Scanning 
e l e c t r o n  microscopy (SEM) was a l s o  used t o  examine t h e  metal lographic 
samples. 
F la t -p la te  ASTM (79) t e n s i l e  specimens and c y l i n d r i c a l  low 
cyc le  f a t i g u e  (LCF) and high cycle  f a t i g u e  (HCF) specimens, shown i n . .  
Figure 4, were prepared from the  heat - t rea ted  mate r i a l s  wi th  the gage 
lengths  p a r a l l e l  to  the  r o l l i n g  d i r e c t i o n  o f  the  p l a t e s .  (In an e f f o r t  
t o  conserve 7475 material, i t  was necessary to  use smal ler  LCF and HCF 
specimens). A l l  f a t igue  specimens were designed i n  accordance wi th  a 
new ASTM recommended practice(80).  Two s i d e s  of each t e n s i l e  specimen 
(All dimensions given in mm.) 
Figure 4. Axial Fatigue Specimen Designs: (a) 7050 LCF, (b) 7050 
HCF, (c) 7475 LCF, and ( d )  7475 HCF. 
were po l i shed  t o  f a c i l i t a t e  observa t ions  of s u r f a c e  deformation. The 
s u r f a c e s  of  t he  f a t i g u e  specimens w e r e  ground by hand wi th  600 g r i t  
emery paper ,  then  hand po l i shed  w i t h  b i l l i a r d  c l o t h s  impregnated 
w i t h  6p and 1 p  diamond p a s t e .  The s u r f a c e  of each f a t i g u e  specimen 
was  examined a t  35X w i t h  a b i n o c u l a r  microscope t o  i n s u r e  t h a t  a l l  
c i r c u m f e r e n t i a l  s c r a t c h e s  and machine marks were removed from t h e  
specimen. Seve ra l  LCF specimens were e l e c t r o p o l i s h e d  t o  make p o s s i b l e  
r e p l i c a t i o n  and observa t ion  of  specimen s u r f a c e s  a t  va r ious  i n t e r v a l s  
dur ing  s t r a in -con t ro l l ed  t e s t i n g .  
The f a t i g u e  t e s t i n g  was performed on two c losed  loop 
se rvohydrau l i c  Materials Tes t ing  Systems (MTS) w i t h  c a p a c i t i e s  of 
22,690 and 10,000 Kg under t o t a l  s t r a i n  c o n t r o l .  The frequency 
o f  each t e s t  w a s  ad.justed s o  t h a t  a cons t an t  s t r a i n  r a t e  was main- 
t a i n e d  us ing  a sawtooth-type command s i g n a l .  The s t r a i n  w a s  
c o n t r o l l e d  us ing  a 10 mm extensometer  a t t ached  t o  t h e  specimen. 
Small s t r i p s  of  cel lophane t ape  were app l i ed  t o  t h e  specimen s u r f a c e  
t o  prevent  t h e  sha rp  k n i f e  edges from c u t t i n g  t h e  specimen. Se l f -  
a l i g n i n g  h y d r a u l i c  g r i p s  were used on t h e  l a r g e r  t e s t i n g  machine t o  
i n s u r e  proper  alignment of t h e  specimen wi th  r e s p e c t  t o  t h e  loading  
a x i s .  A Wood's me ta l  r e s e r v o i r  w a s  used w i t h  t h e  smaller t e s t  system. 
A dry  air (R.H. < 0.2%) atmosphere was used f o r  bo th  LCF and HCF 
tests. The HCF tests w e r e  conducted a t  10 H z  i n  s i n u s o i d a l  f u l l y -  
reversed  tension/compression loading .  
(81) A s t anda rd  WOL type  compact t e n s i o n  specimen (H/W = .486) , 
shown i n  Appendix A, was s e l e c t e d  f o r  t h e  FCp s tudies .  The 
nominal t h i ckness  of  t h e  7050 specimens w a s  6.35 mm. 7475 FCP 
specimens were 9.50 mm i n  t h i ckness .  The specimens were machined 
s o  t h a t  c rack  growth measurements were obta ined  f o r  bo th  T-L 
and L-T o r i e n t a t i o n s  (82) .  FCP t e s t i n g  w a s  performed on a 10,000 Kg 
c losed  loop MTS system a t  1 0  and 20 Hz i n  t h e  same d ry  a i r  atmosphere 
used f o r  t h e  a x i a l  f a t i g u e  tests. A. minimum/maximum stress r a t i o  (R) 
of 0 .1 was used f o r  t h e  FCP t e s t s .  Crack l e n g t h  was monitored 
v i s u a l l y  t o  w i t h i n  - 44.01 mm us ing  a Gaertner  t r a v e l l i n g  microscope. 
P l o t s  of FCP r a t e  (da/dN) ve r sus  stress i n t e n s i t y  range (AK) were 
made from t h e  r a w  c rack  l e n g t h  ve r sus  c y c l e s  d a t a .  
Po le  f i g u r e  d a t a  was c o l l e c t e d  on a Siemens x-ray u n i t  
equipped wi th  a n  o s c i l l a t i n g  goniometer. Fixed t i m e  increments  were 
used t o  c o l l e c t  i n t e n s i t y  d a t a  a t  angles  ranging from O e  t o  808 
wi th  t h e  p l a t e  s u r f a c e .  Analysis  and p l o t s  of  t h e  d a t a  were made 
us ing  a computer program developed a t  t h i s  l abo ra to ry .  Res idua l  
stress measurements were made on several samples us ing  a back r e f l e c -  
t i o n  technique. 
CHAPTER I V  
RESULTS AND DISCUSSION 
Microstructure 
The micros t ructures  of the  experimental a l l o y s  a r e  shown 
i n  Figures 5 and 6 .  The 7050 AR mater ia l ,  Figure 5 ( a ) ,  consis ted  of 
very s m a l l  ( 0.02 mm) recrystallized grains. The 7050 ARMR 
micros t ructure  was considerably less r e c r y s t a l l i z e d  than the  AR 
material, with the  llpancake"-type g r a i n  morphology t y p i c a l  of hot- 
r o l l e d  materials. The 7050 HR material was a l s o  p a r t i a l l y  (45%) 
r e c r y s t a l l i z e d ,  cons i s t ing  of coarse,  r e c r y s t a l l i z e d  gra ins  and areas  
of unrec rys ta l l i zed  subgrains a s  shown i n  Figures 5(c)  and 7. Results  
of degree of r e c r y s t a l l i z a t i o n  (DR) and g ra in  s i z e  measurements a r e  
shown i n  Table 2. Since the ARMR and HR 7050 materials both contained 
l a r g e  amounts of unrec rys ta l l i zed  mate r i a l ,  g ra in  s i z e s  shown i n  
Table 2 a r e  merely estimates of r e c r y s t a l l i z e d  g ra in  dimensions ob- 
ta ined by a l i n e a r  i n t e r c e p t  technique. 
The micros t ructures  of t h e  7475 mate r i a l s  were cqnsiderably 
less r e c r y s t a l l i z e d  than t h e i r  7050 counterpar ts ,  as  evidenced by 
comparison of Figures 5 and 6 and t h e  DR measurements i n  Table 2. 
The 7475 AR material was only 62% r e c r y s t a l l i z e d  (compared t o  94% 
DR f o r  7050 AR) and t h e  aspect  r a t i o s  ( lengthlwidth) of many of the  
gra ins  w e r e  a s  high a s  4: l  (compared to  1:l f o r  7050 AR). The 
Figure 5. Microstructures of 7050 Experimental Materials: (a) AR, 
(b) AR-HIR, and (c) HR. 
Figure  6 .  Microstructures of 7475 Experimental Materials: (a) AR, 
(b) AR-I-HR, and (c) HR. 
Figure 7 .  Grain and Subgrain S t ruc tu re s  i n  the  7050 Al loy :  
(a) HR, and (b) AR, 25% HNO Etch.  3 
Table 2. Micros t ruc ture  of  Experimental Materials 
Average Grain Diameter Degree of  
Shor t  T Long T R.D. R e c r y s t a l l i z a t i o n  
(m> (%> 
microstructures of both 7475 AR-I-HR and 7475 HR a r e  e s s e n t i a l l y  
unrec rys ta l l i zed ,  with "packets" of subgrains elongated i n  t h e  r o l l i n g  
d i r e c t i o n  of t h e  p l a t e .  
The AR mater ia ls  of both a l loys  achieve t h e i r  predominantly re- 
c r y s t a l l i z e d  s t r u c t u r e s  a s  a  r e s u l t  of t h e  low temperature deformation 
s t e p s  i n  their ITMT processing schedules shown i n  Figure 3 .  The l a r g e  
amount of s t r a i n  energy introduced i n t o  the  ingo t  a t  r e l a t i v e l y  l o w  
deformation temperatures provides a l a r g e  d r iv ing  fo rce  f o r  recry- 
s t a l l i z a t i o n  t o  occur during l a t e r  h e a t  t reatments.  Grain growth 
during homogenization is hindered by t h e  ac t ion  of t h e  d ispersoid  
phases (Al12Mg2Cr i n  7475 and A l j Z r  i n  7050). 
The HR va r ian t s  of the  experimental a l l o y s  achieve p a r t i a l l y  
r e c r y s t a l l i z e d  s t r u c t u r e s  due t o  t h e  use of hot - ro l l ing  i n  t h e  
400'-450°C range a s  the  only deformation process i n  the  f a b r i c a t i o n  
of t h e  p l a t e .  A t  t he  hot - ro l l ing  temperature, t h e  d ispersoid  
p a r t i c l e s  i n h i b i t ,  b u t  do not  completely prevent  r e c r y s t a l l i z a t i o n .  
P a r t i a l  r e c r y s t a l l i z a t i o n  occurs following hot- ro l l ing  during the  
s o l u t i o n  treatment, which r e s u l t s  i n  the  duplex g ra in  morphology 
shown i n  Figures 5 through 7. The " u n r e ~ r y s t a l l i z e d ~ ~  areas  of 
Figure 7 a r e ,  i n  a l l  p robab i l i ty ,  regions which conta in  both 
subgrains (with 'low angle boundaries) and very f i n e  r e c r y s t a l l i z e d  
gra ins  (with high angle boundaries).  Due t o  the  very f i n e  nature  
of t h i s  mixed s t r u c t u r e  and the imprac t i cab i l i ty  of d i s t ingu i sh ing  
between the  two components, e n t i r e  regions of t h i s  na ture  have been 
designated "unrecrystal l ized" f o x  the  purposes of t h i s  inves t iga t ion .  
As i n  t h e  case of the  HR material, the  high temperature hot - ro l l ing  
s t e p  i n  t he  process ing  of t h e  AR+HR m a t e r i a l  r e s u l t s  i n  a p a r t i a l l y  
r e c r y s t a l l i z e d  mic ros t ruc tu re  . 
The s t r u c t u r e s  of  t h e  AR+HR m a t e r i a l s ,  F igures  5 (b)  and 6 (b) , 
i n d i c a t e  t h a t  r e c r y s t a l l i z a t i o n  p r i o r  t o  h o t - r o l l i n g  produces a  
f i n e r  unrecrys t a l l i z e d  s t r u c t u r e  than  h o t - r o l l i n g  a lone ,  7050 
AR+HR has  a somewhat h ighe r  DR (68% v s .  45%) than  7050 HR and has  a  
f i n e r  r e c r y s t a l l i z e d  g r a i n  s i z e .  7475 AR+HR has  a s l i g h t l y  f i n e r  
g r a i n  s i z e  and approximately equa l  DR compared t o  7475 HR. 
TEM of t h e  experimental  m a t e r i a l s  showed t h a t  t h e  d i f f e r e n t  
responses of 7050 and 7475 t o  process ing  ( i . e . ,  d i f f e r e n t  micro- 
s t r u c t u r e s )  were most l i k e l y  r e l a t e d  t o  t h e  type ,  volume f r a c t i o n ,  
and d i s t r i b u t i o n  of d i spe r so id  phases.  Subgrains i n  t h e  7050 
m a t e r i a l s  appeared t o  b e  completely recovered ( i . e . ,  no d i s l o c a t i o n  
d e b r i s )  a s  shown i n  F igure  8. A 1  Z r  p a r t i c l e s  were most probably 
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observed, b u t  were randomly d i s t r i b u t e d  and were no t  o f t e n  i n  evidence 
a t  subgra in  boundaries .  By c o n t r a s t ,  t h e  7475 materials showed a h igh  
d e n s i t y  of l a r g e  (up t o  0.5 urn) E phase p a r t i c l e s .  F igure  9 shows t h a t  
the  E phase has been very e f f e c t i v e  i n  subgra ins  and 
prevent ing  r e c r y s t a l l i z a t i o n  d e s p i t e  t he  h ighe r  temperature (516'C vs. 
477OC) h e a t  t rea tments .  The presence of d i s l o c a t i o n  d e b r i s  i n  t h e  7475 
m a t e r i a l s  a l s o  i n d i c a t e s  t h a t  t h e  E phase has  h indered  d i s l o c a t i o n  
motion and recovery dur ing  h e a t  t rea tment  a f t e r  deformation.  
The p a r t i c l e s  which appear  dark i n  the  7050 mic ros t ruc tu re s  
o f  F igure  5 were determined by energy d i s p e r s i v e  x-ray a n a l y s i s  t o  
be extremely copper-rich. The p a r t i c l e s  are pxobably undissolved 
S(Al  CuMg) phase, similar i n  appearance t o  those  observed i n  
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Figu re  8. Transmission E lec t ron  Micrographs of 7050-T6X1: (a) AR, 
(b)  ARWR,  ( c )  and (d) HR. 
Figure 9. Transmission Electron Micrographs of 7 4 7 5 - T 6 :  (a) AR, 
(b) A R M R ,  (c) and (d )  HR.  
previous  i n v e s t i g a t i o n s  (14983) . The AR m a t e r i a l  appeared t o  have a  
s i g n i f i c a n t l y  l a r g e r  volume f r a c t i o n  of t hese  p a r t i c l e s  a s s o c i a t e d  
w i t h  the  g r a i n  boundaries  than  e i t h e r  t h e  HR o r  ARmR m a t e r i a l s .  
Q u a n t i t a t i v e  metallography showed the  o v e r a l l  volume f r a c t i o n  of 
A12CuMg p a r t i c l e s  i n  7050 t o  b e  1.78% f o r  AR, 1.33% f o r  ARi-HR and 
0.34% f o r  HR. The d i f f e r e n c e s  i n  volume f r a c t i o n  and d i s t r i b u t i o n  
of t h e s e  phases can b e s t  b e  expla ined  i n  terms of t h e  a l l o y  cornposi- 
t i o n  and i n g o t  process ing .  The copper con ten t ,  of t h e  7050 a l l o y  
(2.35%) i s  h i g h e r  than  t h a t  of most o t h e r  t y p i c a l  7XXX a l l o y  composi- 
t i ons .  Communications wi th  o t h e r  workers (84) sugges t  t h a t  a three-  
s t e p  h e a t  t rea tment  i n  t he  477"-488°C range can be  used t o  completely 
d i s s o l v e  A 1  CuMg i n  a l l o y s  of s i m i l a r  composition. However, the  
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copper conten t  of t h e  a l l o y  a l s o  n e c e s s i t a t e s  extreme c a r e  i n  h e a t  
(84) t rea tment  t o  avoid  t h e  problem of nonequil ibr ium me l t ing  . 
Thermal t rea tments  a t  exces s ive  temperatures  can cause me l t ing  a t  t h e  
A 1  C@-matrix i n t e r f a c e  be fo re  complete s o l u t i o n  of t h e  a l l o y i n g  2 
elements  occurs .  Consequently, t he  thermal  t rea tment  temperatures  
used i n  t h i s  i n v e s t i g a t i o n  were somewhat lower than  t h a t  r equ i r ed  f o r  
s o l u t i o n  o f  a l l  copper-rich phases.  
The appearance o f  A12CuMg i n  7050 AR i s  probably a ided  by t h e  
fu rnace  cool ing  s t e p  i n  t he  i n g o t  process ing  schedule,  F igure  3. 
By cool ing  s lowly from 413OC t o  260eC, p r e c i p i t a t i o n  of A12CuMg can 
occur  be fo re  r o l l i n g  a t  2 7 4 ° ~ .  Since the  p a r t i c l e s  p r e c i p i t a t e  b e f o r e  
the  r e c r y s t a l l i z e d  g r a i n  s t r u c t u r e  is  determined, they a r e  e s s e n t i a l l y  
t rapped  as i n t e r g r a n u l a r  cons ti t u e n t  p a r t i c l e s .  Ne i the r  t h e  
r e c r y s t a l l i z a t i o n  t rea tment  a t  454OC n o r  t he  s o l u t i o n  t rea tment  a t  
477°C is  s u f f i c i e n t  t o  r e d i s s o l v e  the  p a r t i c l e s .  The d i s t r i b u t i o n  
of Al CuMg i n  the  ARMR m a t e r i a l  seems t o  be  more uniform than  t h a t  
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found i n  t he  AR material. The p a r t i c l e s ,  as i n  t h e  HR m a t e r i a l ,  
a r e  randomly d i s t r i b u t e d  and seem t o  have no p a r t i c u l a r  tendency 
t o  be  a s s o c i a t e d  wi th  t h e  g r a i n  boundaries .  This  i s  probably due t o  
t h e  f a c t  t h a t  h o t - r o l l i n g  a i d s  i n  the  mechanical r e d i s t r i b u t i o n  
of  t he  A12CuMg p a r t i c l e s .  
Al CuMg w a s  n o t  noted t o  be  an  impor tan t  c o n s t i t u e n t  
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i n  t he  mic ros t ruc tu re  of t he  7475 m a t e r i a l s .  A few A12CuMg p a r t i c l e s  
were observed during o p t i c a l  me ta l log raph ic  examination, b u t  t h e  vast 
ma jo r i t y  of  c o n s t i t u e n t s  were i n s o l u b l e  p a r t i c l e s  ( A l  Cu Pe,  Mg2Si, 
7  2 
FeAl ) due to  the  presence of Fe and S i  i m p u r i t i e s  i n  t h e  7475 
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composition. These p a r t i c l e s  w e r e  up t o  10 pm i n  s i z e  and o f t e n  appeared 
t o  be s t r u n g  o u t  i n  the  r o l l i n g  d i r e c t i o n  of the  p l a t e .  Q u a n t i t a t i v e  
metal lography revea led  no s i g n i f i c a n t  d i f f e r e n c e s  i n  volume f r a c t i o n  
(0.9%) o f  t hese  phases between the  t h r e e  7475 m a t e r i a l s .  The absence 
of A l  CuMg i n  t h e  7475 mic ros t ruc tu re  can be a t t r i b u t e d  t o  t h e  lower Cu 2 
content  of  7475 and t h e  thermal  and mechanical p roces s ing  rece ived  by 
the  a l l o y .  The h i g h e r  temperature (516OC) used f o r  thermal  t rea tment  of 
7475 i s  commonly used by Alcoa (84) t o  i n s u r e  e f f e c t i v e  s o l u t i o n  of 
a l l  major a l l o y i n g  elements .  
A gene ra l  obse rva t ion  t o  be  made from the  mic ros t ruc tu re s  
shown i n  F igures  5 and 6 i s  t h a t  t he  v a r i a n t s  of  7050 are cons iderably  
more r e c r y s t a l l i z e d  than  t h e i r  7475 coun te rpa r t s .  This  r e s u l t  i s  
probably due t o  the d i f f e r e n c e s  i n  g ra in - r e f in ing  d i spe r so ids  and 
process ing  schedules  f o r  t he  two a l l o y s .  Other  workers ( 8 9 9 )  have 
s t u d i e d  the  e f f e c t i v e n e s s  ' of C r  and Z r  a s  g r a i n  r e f i n e r s  i n  7XXX a l l o y s .  
I n  t hese  s t u d i e s ,  i t  w a s  shown t h a t  Zr-bearing a l l o y s  developed 
equiaxed,  f u l l y  r e c r y s t a l l i z e d  s t r u c t u r e s  i n  t h e  AR cond i t i on  and 
s u f f e r e d  from ex tens ive  g r a i n  growth upon h o t - r o l l i n g  of t h e  AR 
m a t e r i a l .  By c o n t r a s t ,  t h e  e longated  p a r t i a l l y  r e c r y s t a l l i z e d  
g r a i n s  o f  AR Cr-bearing a l l o y s  d i d  n o t  undergo g r a i n  growth a f t e r  
ho t - ro l l i ng .  Thus, t h e  l a r g e r  va lues  of DR observed f o r  t h e  7050 
m a t e r i a l s  may q u i t e  poss ib ly  b e  due t o  t h e  l e s s - e f f e c t i v e  a c t i o n  of  
A 1  Z r  compared t o  A 1  Mg C r  i n  p reven t ing  r e c r y s t a l l i z a t i o n .  It should 3 12 2 
a l s o  be  noted t h a t ,  a t  zirconium l e v e l s  h i g h e r  than  t h a t  of t h e  
(9 )  p r e s e n t  s tudy  (0.11%), more e f f e c t i v e  g r a i n  ref inement  w a s  observed . 
However, i t  cannot b e  s t a t e d  unambiguously t h a t  d i f f e r e n c e s  
i n  d i s p e r s o i d  type and volume f r a c t i o n  a r e  t he  only causes f o r  t h e  
d i f f e r e n t  responses of 7050 and 7475 t o  ITMT i n  t h e  p r e s e n t  s tudy .  
The d i f f e r e n t  process ing  temperatures  and deformation s t e p s  may 
a l s o  have con t r ibu ted  t o  t he  observed micros t r u c t u r a l  d i f f e r ences .  
For i n s t a n c e ,  7050 AR was produced w i t h  a 8 1  p e r  c e n t  r educ t ion  a t  
2 7 4 ' ~  whereas 7475 AR experienced a 75 p e r  c e n t  deformation s t e p  a t  
260°C. Another consequence of t h e  d i f f e r e n t  ITMT schedules  f o r  t h e  
two a l l o y s  i s  the  presence of  Al CuMg p a r t i c l e s  i n  t h e  7050 a l l o y .  
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These 3-5 pm p a r t i c l e s ,  p r e c i p i t a t e d  during slow cool ing  o f  the  i n g o t  
t o  t h e  deformation temperature,  may have served  a s  n u c l e a t i o n  sites 
f o r  r e c r y s t a l l i z a t i o n  i n  t he  7050 a l l o y .  
Measurements of  p r e f e r r e d  o r i e n t a t i o n  ( t e x t u r e )  of the  s i x  
exper imenta l  m a t e r i a l s  a r e  shown i n  F igures  10 through 12.  Both 
7050 and 7475 AR m a t e r i a l s ,  F igure  10,  had e s s e n t i a l l y  random t e x t u r e s ,  
Figure 10. Pole Figures of As-Recrystallized (AR) Experimental 
Materials: (a) 7050 (200), (b) 7050 (220), (c) 7475 (200), 
and (d) 7475 (220). 
F i g u r e  11. P o l e  F i g u r e s  o f  Hot-Rolled (HR) Exper imenta l  N a t e r i a l s :  
( a )  7050 (200) ,  (b) 7050 ( 2 2 0 ) ,  (c) 7475 (200) ,  and 
(d) 7475 (220). 
Figu re  12. Pole  F igures  of As-Recrystal l ized P lus  Hot-Rolled 
Experimental  M a t e r i a l s :  (a) 7050 (200) , (b) 7050 (220) , 
( c )  7475 (200),  and (d) 7475 (220).  
with  no d i s c e r n i b l e  p r e f e r r e d  o r i e n t a t i o n .  Figure 11 shows t h a t  
HR m a t e r i a l s  of  bo th  7050 and 7475 had t e x t u r e s  c l o s e  t o  (110) [ 1 i 2 ] ,  i . e .  
t h e  (110) p a r a l l e l  t o  t h e  p l a t e  s u r f a c e  and the  ~ 1 1 2 1  p a r a l l e l  t o  
the p l a t e  r o l l i n g  d i r e c t i o n .  Comparison of F igures  11 and 12 shows 
t h a t  t he  AR-tHR materials had t e x t u r e s  s i m i l a r  t o  those of  HR. However, 
t he  ARMR t e x t u r e s  were l e s s  pronounced than  those  observed i n  p l a t e s  
produced by h o t - r o l l i n g  a lone .  
Mono t o n i c  P r o p e r t i e s  and F rac tu re  Toughness 
Tens i l e  and f r a c t u r e  toughness parameters  f o r  t h e  experi-  
mental materials are shown i n  Table 3 .  Yield  s t r e n g t h s  of t h e  7050 
ITMT m a t e r i a l s  were s l i g h t l y  h ighe r  than  those  of  t he  HR m a t e r i a l .  
The d u c t i l i t y  o f  7050, as i n d i c a t e d  by the  e longa t ion  and r educ t ion  
i n  a r e a  va lues ,  was r e l a t i v e l y  unchanged by the  d i f f e r e n t  types of 
process ing .  However, t h e  d u c t i l i t y  of 7475 inc reased  wi th  the  
product ion  o f  more equiaxed,  r e c r y s t a l l i z e d  s t r u c t u r e s  . St reng ths  of 
t he  7475 materials were roughly e q u i v a l e n t ,  w i th  t h e  HR material 
be ing  s l i g h t l y  s t r o n g e r .  Toughness, a s  i n d i c a t e d  by KIC o r  K appeared 
Q 
t o  be t h e  parameter most s e n s i t i v e  t o  changes i n  process ing  of t h e  
two a l l o y s .  The toughness i n d i c a t o r s  appear t o  vary  i n v e r s e l y  wi th  
the  degree o f  r e c r y s t a l l i z a t i o n  i n  agreement w i th  e a r l 5 e r  r e s u l t s  by 
 tale^'^^). The de termina t ion  of KIC and K are descr ibed  i n  Appendix B .  Q 
The l a c k  of  a g r a i n  s i z e  e f f e c t  on s t r e n g t h  i n  7050 and 7475 
i s  n o t  s u r p r i s i n g  i n  view of  the  f a c t  t h a t  t h e  g r a i n  and subgra in  s i z e s  
of t hese  a l l o y s  a r e  very  l a r g e  compared t o  t h e  spac ing  of t h e  hardening 
Table 3. Monotonic and F rac tu re  Toughness P r o p e r t i e s  
* 
Yie ld  S t r eng th  Elongation Reduction i n  Area 5 c  K Q 
( m a )  (%I (XI (maJm) ( ~ ~ a d r n )  
T-L L-T 
- 
Data f o r  Yie ld  S t r eng th ,  Elongation, and Reduction i n  Area are f o r  specimens 
t e s t e d  i n  t he  l o n g i t u d i n a l  d i r ec t ion .  
* D a t a  supp l i ed  by Frankford Arsenal,  courtesy of  H.  S u l i n s k i  and J. Waldman(8). 
**7475 d a t a  supp l i ed  by Alcoa, courtesy of  J. E . Vruggink(l0) . K values  a r e  
designated as such because ASTM (82) r e s t r i c t i o n s  f o r  p l ane  s t r % n  KIC test were 
no t  met. (See Appendix B). 
p r e c i p i t a t e s  i n  7XXX materials. The l a r g e  volume f r a c t i o n  of GP 
zones, n' and n, shown i n  F igures  8 and 9 ,  impede d i s l o c a t i o n  
motion as d iscussed  e a r l i e r  and s e r v e  as the  primary s t r eng then ing  
agents  i n  the  two a l l o y s .  This  l a c k  o f  a grain-boundary s t r eng then ing  
(7) e f f e c t  h a s  been r epor t ed  p rev ious ly  . 
The monotonic f r a c t u r e  s u r f a c e s  shown i n  F igure  1 3  are h e l p f u l  
i n  exp la in ing  the  e f f e c t  of mic ros t ruc tu re  on the  d u c t i l i t y  and 
f r a c t u r e  p r o p e r t i e s  o f  7050. The d u c t i l i t i e s  of 7050 AR and 7050 
HR are remarkably similar i n  l i g h t  of t h e  almost exc lus ive ly  
i n t e r g r a n u l a r  f r a c t u r e  observed f o r  7050 AR, Figure  13(a) .  By 
c o n t r a s t ,  t he  HR v a r i a n t  of 7050 e x h i b i t s  a mixed-mode, b u t  pre- 
dominantly d u c t i l e  f r a c t u r e  appearance. B r i t t l e  f r a c t u r e ,  such as 
t h a t  i n  F igure  13(a)  would be expected t o  cause a  s e r i o u s  l o s s  of 
d u c t i l i t y  i n  t h e  f ine-gra ined  AR m a t e r i a l .  However, i t  appears  t h a t  
t h e  reduced g r a i n  s i z e  of 7050 AR has  overcome t h e  e m b r i t t l i n g  e f f e c t  
of i n t e r g r a n u l a r  f r a c t u r e ;  probably by i n c r e a s i n g  t h e  homogeneity o f  
deformation. The examination of po l i shed  t e n s i l e  specimens s t r a i n e d  
5%, Figure  14 ,  s u b s t a n t i a t e s  t h i s  r e s u l t .  The AR m a t e r i a l  shows a 
very  uniform d i s t r i b u t i o n  of s t r a i n  between g r a i n s .  Coarse s l i p  l i n e s ,  
i n d i c a t i v e  of pronounced inhomogeneous deformation,  are n o t  observed 
on the  s u r f a c e s  a t  the  magn i f i ca t ion  of  Figure 1 4 ( a ) .  I n  t h e  7050 HR 
m a t e r i a l ,  F igure  14 (b ) ,  some s l i p  l i n e s  a r e  observed and t h e  macroscopic 
d i s t r i b u t i o n  o f  s t r a i n  appears  t o  be more inhomogeneous, i .e. , some 
a r e a s  of  t he  specimen .are h i g h l y  deformed wh i l e  o t h e r s  show no deforma- 
t i o n  a t  a l l .  S ince  f r a c t u r e  w i l l  i n i t i a t e  l o c a l l y  i n  a r e a s  which have 
reached a c r i t i c a l  s t r a i n ,  t he  f ine-gra ined  m i c r o s t r u c t u r e  of  t h e  7050 AR 
Figure 13. Scanning E lec t ron  Micrographs of 7050 Tens i l e  F rac tu re  
Surfaces :  (a) AR, and (b) HR. 
Figure 1 4 .  Observations of Deformation on Pol ished Surfaces of 7050 
Specimens S t r a ined  5.0% i n  Tension: (a) AR, and (b) HR. 
i s  d e s i r a b l e  s i n c e  i t  provides  fox  a  more uniform d i s t r i b u t i o n  of 
s t r a i n .  Thus, homogeneous deformation compensates f o r  t he  de t r imen ta l  
e f f e c t  of i n t e r g r a n u l a r  f r a c t u r e  and c o n t r i b u t e s  t o  t h e  o v e r a l l  good 
d u c t i l i t y  observed f o r  t h e  AR ITMT m a t e r i a l .  
A s i m i l a r  explana t ion  i s  o f f e r e d  f o r  t he  i n c r e a s e  i n  d u c t i l i t y  
observed f o r  the  ITMT 7475 m a t e r i a l s .  Though the  u n r e c r y s t a l l i z e d  
s t r u c t u r e  of  7475 HR promotes h ighe r  energy t r a n s g r a n u l a r  f r a c t u r e ,  
Figure 15 ,  t h e  inc reased  homogeneity of  s t r a i n  shown by more r e c r y s t a l l i z e d  
s t r u c t u r e s ,  Figure 16 ,  o f f s e t s  t h i s  e f f e c t  t o  produce i n c r e a s e s  i n  d u c t i l i t y .  
It should be noted  t h a t  the  p o s i t i v e  e f f e c t s  of ITMT on d u c t i l i t y  
a r e  dependent on the  type of d i spe r so id  p r e s e n t  i n  t h e  a l l o y .  7050 
AR, w i th  Al Z r ,  shows i n t e r g r a n u l a r  f r a c t u r e ,  a  more homogeneous d i s -  
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t r i b u t i o n  of s t r a i n ,  b u t  no o v e r a l l  d u c t i l i t y  improvement. On the  
o t h e r  hand, the  r e c r y s t a l l i z a t i o n  of 7475 i n  t he  presence of E 
phase d i spe r so ids  produces i n t e r g r a n u l a r  f r a c t u r e ,  more homogeneous 
deformation, and a  marked d u c t i l i t y  improvement. 
Though e q u i v a l e n t  s t r e n g t h  and d u c t i l i t y  were maintained i n  
7050 AR and equ iva l en t  s t r e n g t h  and improved d u c t i l i t y  were achieved 
i n  7475 AR, r e c r y s t a l l i z a t i o n  had a  nega t ive  e f f e c t  on f r a c t u r e  
r e s i s t a n c e  of both a l l o y s .  This  r e s u l t  i s  i n  agreement w i t h  previous  
work (14) which showed showed t h a t  t h e  product ion  of u n r e c r y s t a l l i z e d  
s t r u c t u r e s  i n  7XMZ p l a t e  m a t e r i a l s  was d e s i r a b l e  f o r  maintenance of  
optimum f r a c t u r e  toughness.  Unrec rys t a l l i zed  subgra in  s t r u c t u r e s  
promote a  h igh  energy t r ansg ranu la r  f r a c t u r e  mode i n  c o n t r a s t  t o  the  
low energy i n t e r g r a n u l a r  f r a c t u r e  observed i n  r e c r y s t a l l i z e d  m a t e r i a l s  
a s  shown i n  F igures  1 3  and 15. The TEM r e s u l t s  of F igure  17 ,  which show 
Figure 15. Scanning E lec t ron  Nicrographs of 7475 Tensile Fracture 
Surfaces :  (a) AR, (b) AR+HR, and ( c )  HR. 
Figure 16. Observation of Deformation on Pol i shed  Surfaces of 7475 
Specimens S t r a ined  5 .O% i n  Tension: (a )  AR, (b) AR-t-HR, 
and (c )  HR. S t r e s s  axis i s  v e r t i c a l .  
Figure  1 7 .  Transmission E lec t ron  Micrographs of 7050 AR Specimen 
S t r a ined  5.0% i n  Tension: (a)  p lanar  d i s l o c a t i o n  a r r ays  
observed i n  r e c r y s t a l l i z e d  g ra ins  of bo th  AR and HR, 
and (b) homogeneous deformation t y p i c a l l y  observed i n  
subgra ins  of both m a t e r i a l s .  
dis loca t ion  s t r u c t u r e s  i n  deformed 7050 specimens, support the  above 
argument. I n  areas  where r e c r y s t a l l i z e d  g ra ins  are present ,  Figure 17(a)  
p lanar  d i s loca t ion  . bands a r e  observed. These bands can l ead  t o  l a rge  
s t r e s s  concentra.tions a t  g r a i n  boundaries and con t r ibu te  t o  i n t e r -  
(37) granular  f r a c t u r e  . Deformation i n  unrec rys ta l l i zed  regions i s  more 
homogeneous on a microscopic s c a l e  a s  shown i n  Figure 17(b) .  
Consequently, unrec rys ta l l i zed  s t r u c t u r e s  should be  expected t o  
increase  f r a c t u r e  res i s t ance  by homogenizing deformation on a micro 
s c a l e  and promoting d u c t i l e  t ransgranular  f r a c t u r e .  
From the study of t e n s i l e  deformation and f r a c t u r e  i n  these  
a l l o y s ,  i t  i s  evident  t h a t  two opposing f a c t o r s  must be balanced 
i n  order  t o  a t t a i n  the  optimum combination of p roper t i e s .  The 
macroscopic homogeneity of deformation (on a g r a i n  s i z e  sca le )  must 
be maintained so  t h a t  loca l i zed  f r a c t u r e  is  delayed and d u c t i l i t y  
enhanced. (This i s  favored by f i n e ,  r e c r y s t a l l i z e d  s t r u c t u r e s ,  e .g.  
7050 AR). However, the optimum res i s t ance  t o  f r a c t u r e  requires  a 
maximum-energy-absorbing t ransgranular  mode, a  condit ion which is 
m e t  by unrec rys ta l l i zed  s t r u c t u r e s .  The presence of subgrains 
homogenizes deformation on a microscopic s c a l e  and reduces the  occurrence 
of d i s loca t ion  banding which leads  t o  low-energy in te rg ranu la r  
f r a c t u r e  . Perhaps the  recent  development of  powder metallurgy a 1  l o  ys (85 
with g r a i n  s i z e s  on the  order  of severa l  microns, may provide s t r u c t u r e s  
more s u i t a b l e  f o r  achieving optimum d u c t i l i t y  and f r a c t u r e  toughness 
i n  7XXX a l loys .  
The r o l e  played by cons t i tuen t  p a r t i c l e s  i n  determining the  
f r a c t u r e  p roper t i e s  of the experimental ma te r i a l s  should not  be 
overlooked. The Al CuMg p a r t i c l e s ,  which may be  observed on t h e  
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f r a c t u r e  s u r f a c e s  i n  F igure  13 (a )  can b e  h i g h l y  de t r imen ta l  t o  
f r a c t u r e  toughness. When p r e s e n t  a t  g r a i n  boundaries ,  as i n  7050 AR 
they probably have t h e  wors t  p o s s i b l e  e f f e c t  on toughness s i n c e  they 
a i d  i n  low energy i n t e r g r a n u l a r  f r a c t u r e .  This  is r e f l e c t e d  i n  p a r t  
by the  low KIC value  f o r  t h i s  process ing  condi t ion .  Hahn and Rosenf ie ld  
have noted t h a t  s i m i l a r l y  s i z e d  (1-10 ym) c o n s t i t u e n t  p a r t i c l e s  are 
extremely de t r imen ta l  t o  f r a c t u s e  toughness i n  7XXX m a t e r i a l s .  
Cons t i t uen t  p a r t i c l e s  f r a c t u r e  e a s i l y  dur ing  deformation and f a c i l i t a t e  
vo id  formation dur ing  c rack  ex tens ion .  Consequently, they  reduce 
t h e  energy r equ i r ed  f o r  f r a c t u r e ,  a s  r e f l e c t e d  i n  t h e  KIC va lue .  
The same mechanism can b e  used t o  e x p l a i n  t h e  e f f e c t  of Fe- and Si- 
r i c h  c o n s t i t u e n t s  on the  f r a c t u r e  toughness of  7475. These p a r t i c l e s  
are a l s o  i n  t h e  s i z e  range considered t o  be d e t r i m e n t a l  t o  toughness 
and t h e  volume f r a c t i o n  of t hese  c o n s i t u e n t s  i s  approximately 
0.9% f o r  each of t h e  t h r e e  7475 m a t e r i a l s .  P a r t i c l e s  of t h i s  type  
f r a c t u r e d  dur ing  t e n s i l e  deformation are shown i n  F igu re  18. 
C y c l i c  P r o p e r t i e s  and Fa t igue  Crack I n i t i a t i o n  
The monitor ing of s t r e s s  response dur ing  s t r a i n - c o n t r o l l e d  
LCF t e s t i n g  produced t h e  r e s u l t s  shown i n  F igures  19 and 20. These 
c y c l i c  hardening-softening curves ,  p l o t t e d  a s  t h e  average of t h e  
t e n s i l e  and compressive s t r e s s e s  dur ing  a  LCF cyc le  ve r sus  number of 
c y c l e s ,  a r e  t y p i c a l  of t h e  d a t a  obta ined  f o r  t h e  exper imenta l  
m a t e r i a l s  a t  va r ious  s t r a i n  ampli tudes.  A r educ t ion  i n  t h e  stress 
ampli tude w a s  observed dur ing  t h e  e a r l y  p o r t i o n s  of LCF t e s t s  on t h e  
Figure 18. Fractured Al-Fe-Si Intermetall ic Particles Observed on 
Surface of 7475 Tensile Specimen Strained 5.0% i n  
Tension. Stress axis is  ver t ica l .  
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Figure 19 .  Cycl ic  S t r e s s  Response dur ing  LCF Tests of 7050 Specimens : 
(a) HR, and (b) AR. 
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Figure 20. Cyclic S t r e s s  Response during LCF T e s t s  of 7475 Specimens:  
(a) AR, ( b )  HR, and (c) AR+HR. 
7050 a l l o y ,  F igure  19. The maximum compressive s t r e s s  w a s  s l i g h t l y  
l a r g e r  than t h e  maximum t e n s i l e  s t r e s s  f o r  t he  same c y c l e  and d id  n o t  
show t h e  same marked r educ t ion  wi th  cyc l ing  exh ib i t ed  by t h e  t e n s i l e  
s t r e s s .  This  obse rva t ion  is  i n t e r e s t i n g  s i n c e  no o t h e r  i n v e s t i g a t o r s  
had r epor t ed  c y c l i c  s o f t e n i n g  a t  such h igh  s t r a i n  ampli tudes i n  7XXX 
a l l o y s .  I t  i s  be l i eved  t h a t  t h e  r educ t ion  i n  stress ampli tude observed 
i s  due t o  t h e  r e l i e f  of r e s i d u a l  s t r e s s e s  p re sen t  i n  t h e  samples r a t h e r  
than  a  p r e c i p i t a t e - d i s l o c a t i o n  i n t e r a c t i o n  e f f e c t .  S ince  the  p l a t e s  
from which t h e  specimens were c u t  w e r e  co ld  wa te r  quenched b e f o r e  machining, 
some r e s i d u a l  s t r e s s e s  must b e  p r e s e n t  i n  t h e  specimens. An a t tempt  
was made t o  measure t h e  magnitude of t h e  s t r e s s e s  u s ing  x-ray techniques.  
The s c a t t e r  i n  t h e  r e s u l t s  ob ta ined  by t h i s  method was l a r g e ,  b u t  t h e  
stress va lues  c a l c u l a t e d  were of t h e  o rde r  of magnitude (10-40 MPa) 
of t h e  observed r educ t ion  i n  t e n s i l e  stress i n  F igu re  19. The r e s i d u a l  
stress exp lana t ion  is a l s o  supported by t h e  f a c t  t h a t  t h e  s o f t e n i n g  e f f e c t  
v a r i e s  cons iderably  w i t h  s t r a i n  ampli tude.  A t  h igh  s t r a i n  ampli tudes,  
t h e  r e s i d u a l  s t r e s s e s  are r e l i e v e d  w i t h i n  a  few cyc le s .  A t  lower 
s t r a i n  ampli tudes,  t h e  e f f e c t  p e r s i s t s  f o r  as long as 50-100 cyc le s .  
The presence  of t hese  r e s i d u a l  stresses is n o t  expected t o  s i g n i f i c a n t l y  
a f f e c t  t h e  t o t a l  s t r a i n - c o n t r o l l e d  LCP l i f e  s i n c e  they  are removed 
a f t e r  a s m a l l  f r a c t i o n  of t o t a l  l i f e  has  expi red .  
A f t e r  removal of t h e  r e s i d u a l  stresses, t h e  c y c l i c  s t r e s s  
response of t h e  7050 m a t e r i a l s  showed s a t u r a t i o n  o r  c y c l i c  hardening  
a t  t h e  lower p l a s t i c  s t r a i n  ampli tudes.  However, a t  h igh  p l a s t i c  s t r a i n  
ampl i tudes ,  t he  7050 AR m a t e r i a l  c y c l i c a l l y  so f t ened  s l i g h t l y  u n t i l  
f a i l u r e  occurred.  D i s l o c a t i o n  s t r u c t u r e s  observed i n  t h i n  f o i l s  were 
homogeneous, g iv ing  no i n d i c a t i o n  of t h e  p e r s i s t e n t  s l i p  band s t r u c t u r e s  
expected t o  l e a d  t o  c y c l i c  so f t en ing .  The d i s l o c a t i o n  arrangement,  
shown i n  F igure  21(a) ,  i s  t y p i c a l  of f a t i g u e  deformation i n  both  
7050 AR and 7050 HR. The probable cause f o r  t h e  s l i g h t  c y c l i c  s o f t e n i n g  
i n  7050 AR is t h e  ex tens ive  g r a i n  boundary c racking  which developed 
a s  cyc l ing  continued. These c racks ,  shown i n  F igure  21(b),  have been 
c i t e d  previous ly  a s  t h e  cause f o r  c y c l i c  s o f t e n i n g  i n  a l l o y s  of t h i s  
t Y  Pe (53). The opening and c l o s i n g  of t hese  c racks  under s t r a i n  c o n t r o l  
a l lows f o r  a  gradual  decrease  i n  stress amplitude a s  t h e  c racks  
grow p r i o r  t o  f a i l u r e .  
Cycl ic  hardening occurred q u i t e  e x t e n s i v e l y  when t h e  7475 
m a t e r i a l s  were sub jec t ed  t o  s t r a in -con t ro l l ed  f a t i g u e ,  a s  shown i n  
F igure  20. A t  low p l a s t i c  s t r a i n  ampli tudes,  r e s i d u a l  s t r e s s e s  were 
probably r e spons ib l e  f o r  t h e  s l i g h t  decrease  o r  apparent  s a t u r a t i o n  
of t h e  s t r e s s  amplitude e a r l y  i n  t h e  LCF tests. A t  h i g h e r  s t r a i n  
ampli tudes,  r ap id  c y c l i c  hardening masked ou t  t he  e f f e c t ,  i f  any. 
The o r i g i n  of t h e  c y c l i c  hardening observed i n  t he  7475 materials 
is  most l i k e l y  d i s l o c a t i o n  looping of d i s p e r s o i d  (E phase) p a r t i c l e s .  
I n  a  previous s tudy(53) ,  i n  which zirconium was used a s  a  g r a i n  
r e f i n e r ,  an  Al-6Zn-2Mg-1.6Cu a l l o y  d isp layed  c y c l i c  s o f t e n i n g  o r  
s a t u r a t i o n  behavior  a t  low s t r a i n  ampli tudes.  Cycl ic  hardening of t h e  
magnitude observed i n  t h e  p re sen t  s tudy  f o r  7475 was g e n e r a l l y  seen  
f o r  t h e  Al-Zn-Mg-Cu-(Zr) a l l o y  on ly  a t  p l a s t i c  s t r a i n  ampli tudes g r e a t e r  
than  0.010. This conclusion is  supported by t h e  homogeneous 
deformation observed i n  t h i n  f o i l s  made from f a t i g u e d  7475 specimens. 
F igure  22. Note t h e  apparent  pinning e f f e c t  of t h e  A 1  Mg C r  p a r t i c l e s  
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Figure 21. (a) Dislocation d i s t r i b u t i o n  i n  7050 HR specimen cycled 
1250 cyc les  a t  a total s t r a i n  amplitude of 1.0%. 
(b) Surface cracking i n  7050 AR. specimen cycled 300 cyc les  
a t  a t o t a l  s t r a i n  amplitude of 1.2%. 
Figure  2 2 .  D i s loca t ion  S t r u c t u r e s  i n  Fat igued 7475 Specimens: 
(a)  AR, 2600 cyc l e s ,  A E  / 2  = 0.10%, (b)  HR, 1850 cyc les  
A E  1 2  = 0.10%, and ( c )  f l ~ ,  130 cyc l e s ,  AE 1 2  = 1.0%. 
P P 
on d i s l o c a t i o n s .  Looping of t hese  p a r t i c l e s  would b e  expected t o  
l e a d  t o  c y c l i c  hardening behavior .  I n  f a c t ,  La i rd  (52) has  r e c e n t l y  
proposed t h a t  t h e  d i spe r so id  phase i n  7075 (which i s  the  same a s  i n  
7475) p lays  the  "dominant r o l e  i n  improving the  c y c l i c  s t r e s s - s  t r a i n  
response of commercial a l l o y s  w i t h  r e s p e c t  t o  the  base a l loy ."  
The Coffin-Manson p l o t s ,  shown i n  F igure  23, may b e  viewed 
a s  an i n d i c a t i o n  of t h e  r e s i s t a n c e  of a  m a t e r i a l ' s  mic ros t ruc tu re  
t o  c rack  i n i t i a t i o n  and f a i l u r e  i n  t h e  LCP reg ion (25) .  These p l o t s  
of p l a s t i c  s t r a i n  amplitude ( t aken  a t  Nf) versus  r e v e r s a l s  t o  
f a i l u r e  show t h a t ,  w i t h i n  the  s c a t t e r  of d a t a ,  t h e r e  i s  no s i g n i f i c a n t  
d i f f e r e n c e  i n  t o t a l  LCF l i f e  of t h e  7050 AR and HR m a t e r i a l s  f o r  t h e  
range of s t r a i n  amplitudes s t u d i e s .  A t  low p l a s t i c  s t r a i n  ampli tudes,  
the  7475 AR m a t e r i a l  seems t o  b e  s l i g h t l y  s u p e r i o r  i n  LCF r e s i s t a n c e  
t o  7475 W H R  and 7475 HR. The f a t i g u e  d u c t i l i t y  exponents,  -c, and 
t h e  f a t i g u e  d u c t i l i t y  c o e f f i c i e n t s ,  E '  obta ined  from t h e  Coff in-  
f '  
Manson p l o t s  f o r  t he  LCF d a t a  a r e  l i s t e d  i n  Table 4 .  Also shown i n  
Table 4 a r e  va lues  of t h e  c y c l i c  work hardening c o e f f i c i e n t ,  n' , 
which were c a l c u l a t e d  us ing  a l i n e a r  r e g r e s s i o n  a n a l y s i s  from t h e  
r e l a t i o n s h i p  between s t r e s s  amplitude and p l a s t i c  s t r a i n  ampli tude 
given i n  Equat ion 3 .  
The f a i l u r e  of t h e  Coffin-Manson r e l a t i o n s h i p ,  F igure  23, t o  
accu ra t e ly  p r e d i c t  LCF behavior  of aluminum a l l o y s  a t  low p l a s t i c  
s t r a i n  amplitudes has been observed p rev ious ly  (25,30,46,53),  mis 
anomalous behavior  has  l e d  some workers (86y87) t o  sugges t  that a  p l o t  
of p l a s t i c  work p e r  cyc l e  (AW ) versus  2N may b e  more h e l p f u l  i n  
P f  
dea l ing  wi th  LCF d a t a  o f  aluminum a l l o y s .  P l o t s  of AW ve r sus  
P 
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Figure 23. CoffinrManson Plots of LCF Data for: (a) 7050 ,  and (b) 7475.  
Table 4. LCF Parameters for the Experimental Alloys 
*E'  determined a t  2N = 1 f f 
cyc le s  were constructed f o r  several of t h e  7050 LCP tests. These 
p l o t s ,  analagous t o  c y c l i c  stress response curves,  a r e  shown i n  
F igu re  24(a).  From t h e  va lues  of A W  a t  s a t u r a t i o n  f o r  each test ,  t he  
P  
p l o t s  of  A W  ve r sus  2N were cons t ruc ted  f o r  7050 AR and 7050 HR a s  
P  f  
shown i n  Figure 24(b). These curves merely r e f l e c t  t h e  s i m i l a r i t y  
i n  f a t i g u e  behavior  between t h e  two v a r i a n t s  of 7050 and o f f e r  no 
b e t t e r  p r e d i c t i o n  of  f a t i g u e  r e s i s t a n c e  than  t h e  t r a d i t i o n a l  c y c l i c  
stress response and Coffin-Manson p l o t s .  I t  i s  i n t e r e s t i n g  t o  no te  
from Figure  24(b) t h a t  t h e  s l o p e  of t h e  AW -2N p l o t  c o r r e l a t e s  
P  f 
w e l l  w i t h  t he  s lope  of t h e  Coffin-'Manson p l o t  according t o  t h e  
(87) 
r e l a t i o n s h i p  p u t  f o r t h  by S.axena and Antolovich . 
Micros t r u c t u r a l  e ~ ~ l a n a t i o n s ( ~ ~ ~ ~ ~ '  88) p u t  f o r t h t o  exp la in  
the  anomalous Coffin-Manson behavior  are most o f t e n  based upon t h e  
occurrence of s t r a i n  l o c a l i z a t i o n ,  i . e . ,  non-homogeneous deformation, 
a t  low p l a s t i c  s t r a i n  ampli tudes.  Thin f o i l s  from 7050 and 7475 
samples f a t i gued  a t  s t r a i n  ampli tudes below t h e  b reak  i n  t h e  Coffin- 
Manson p l o t  were examined. 'Figure 22 shows t h a t  d i s l o c a t i o n  arrange- 
ments i n  t h e s e  f o i l s  were most ly homogeneous, w i th  l i t t l e  evidence 
of t h e  deformation bands r epo r t ed  t o  occur  dur ing  LCF a t  low s t r a i n  
ampli tudes (30'88). When d i s l o c a t i o n  banding was observed by TEM, 
homogeneously d i s t r i b u t e d  d i s l o c a t i o n s  could be s e e n  between t h e  bands. 
Another r e c e n t  LCF s tudy  of 7XXX a l l o y s  (53) a l s o  r epo r t ed  no TEM 
evidence of non-homogeneous deformation a t  low p l a s t i c  s t r a i n  ampli- 
tudes.  I t  should be noted,  however, t h a t  t h e  f a i l u r e  t o  observe 
d i s l o c a t i o n  banding by TEM does n o t  r u l e  ou t  a l t o g e t h e r  t h e  occurrence 
of s t r a i n  l o c a l i z a t i o n .  The p r e s e n t  i n v e s t i g a t i o n  examined only  
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Figure  24. 7050 LCF Data P l o t t e d  i n  Terms of Plastic Work p e r  Cycle 
(AW ) :  (a) Cyclic stress response,  and (b) ve r sus  
 life. P 
a l i m i t e d  number of f . o i l s  i n  making t h i s  obse rva t ion  and may have 
f o r t u i t o u s l y  examined o n l y  a reas  which deformed uniformly. Macro- 
s c o p i c  examination of specimen s u r f a c e s  revea led  t h a t ,  a t  low s t r a i n  
ampli tudes,  some degree of s t r a i n  l o c a l i z a t i o n  must have occurred .  
Some g r a i n s  on t h e  specimen s u r f a c e  were covered w i t h  s l i p  l i n e s ,  
wh.ile ad j acen t  g r a i n s  were unmarked. A t  h ighe r  s t r a i n  ampl i tudes ,  
deformation w a s  more uniformly d i s t r i b u t e d  throughout t h e  micro- 
s t r u c t u r e .  Thus, t h e  r e s u l t s  of t h e  p re sen t  i n v e s t i g a t i o n  a r e  i n  
o v e r a l l  agreement wi th  previous s t u d i e s  (30988) which propose a 
s t r a i n - l o c a l i z a t i o n  exp lana t ion  of anomalous Coffin-Manson f a t i g u e  
behavior  i n  71MX aluminum a l l o y s .  
S t r e s s - c o n t r o l l e d  h igh  cyc le  f a t i g u e  tests (R=l. 0) were 
conducted t o  a s s e s s  t h e  r e s i s t a n c e  of the. exper imenta l  m a t e r i a l s  t o  
c rack  i n i t i a t i o n  a t  long c y c l i c  l i v e s .  Considering t h e  7475 d a t a  
of  F igure  23(b),  i t  was f e l t  t h a t  s t r e s s - c o n t r o l l e d  t e s t s  may poss ib ly  
c l a r i f y  m i c r o s t r u c t u r a l  e f f e c t s  on c rack  i n i t i a t i o n  i n  t h e s e  m a t e r i a l s .  
The r e s u l t s  of t hese  HCF t e s t s ,  shown i n  F igure  25, show t h a t  t h e r e  
i s  e s s e n t i a l l y  no d i f f e r e n c e  i n  s t r e s s - c o n t r o l l e d  f a t i g u e  r e s i s t a n c e  
between AR and HR v a r i a n t s  of t h e  two a l l o y s .  
From the  Coffin-Manson p l o t s  of F igure  23 and t h e  HCF d a t a  of 
F igure  25, i t  i s  ev iden t  t h a t  d i f f e r e n c e s  i n  g r a i n  s t r u c t u r e  due t o  
i n g o t  p roces s ing  have l i t t l e  e f f e c t  on t o t a l  LCF o r  HCF l i f e .  
However, i t  should  b e  noted  t h a t  t h e  comparisons of f a t i g u e  r e s i s -  
t ance  were made only  on t h e  b a s i s  of t o t a l  f a t i g u e  l i f e  measurement. 
S ince  i t  is  extremely d i f f i c u l t  t o  p inpo in t  t h e  e x a c t  time of 
i n i t i a t i o n  of t h e  f a t a l  c rack  i n  a LCF t e s t ,  t h e  f i r s t  obse rva t ion  of 
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CYCLES 
CYCLES 
Figure  25. High Cycle Fatigue Data for: (a) 7050 and (b) 7475. 
a measurable drop i n  t e n s i l e  load  a f t e r  s a t u r a t i o n  occurred w a s  taken 
a t  t h e  time o f  c rack  i n i t i a t i o n .  Due t o  t h e  marked d i f f e r e n c e s  i n  
notch s e n s i t i v i t y  between t h e  AR and HR mic ros t ruc tu re s  ( p a r t i c u l a r l y  
i n  7050), i t  would be  h e l p f u l  t o  have a more r e l i a b l e  i n d i c a t o r  of 
crack i n i t i a t i o n .  Once a f a t i g u e  crack was observed i n  a 7050 AR 
specimen, f a i l u r e  was almost immediate. A t  h ighe r  s t r a i n  ampli tudes,  
AR specimens sometimes f a i l e d  b.efore any n o t i c e a b l e  drop i n  t e n s i l e  
l o a d  i n d i c a t e d  t h e  presence  of t h e  f a t a l  f a t i g u e  c rack .  7050 HR 
specimens, on the  o t h e r  hand, always showed a c lear -cu t  c rack  
i n i t i a t i o n  t i m e  and p rog res s ive  growth of t h e  c rack  u n t i l  f a i l u r e ,  
a s  evidenced by t h e  r educ t ion  i n  t he  t e n s i l e  p o r t i o n  of t h e  h y s t e r e s i s  
loop. These observa t ions  were borne o u t  by examination of f r a c t u r e d  
LCF specimens. F r a c t u r e  s u r f a c e s  of 7050 AR LCF specimens showed 
v e r y  s m a l l ,  i f  any, a r eas  of  f a t i g u e  damage wh i l e  cons iderably  l a r g e r  
f a t i g u e d  r eg ions  w e r e  found on f r a c t u r e  s u r f a c e s  of comparable 7050 HR 
specimens. From o p t i c a l  examination, i t  appeared t h a t  each LCF 
specimen conta ined  only  one primary c rack  i n i t i a t i o n  s i te .  The 
f a t i g u e d  a r e a s  of  t he  LCP specimens were too  s m a l l  t o  b e  measured 
convenient ly ,  b u t  similar observa t ions  of t h e  f r a c t u r e d  7050 HCF 
specimens shown i n  F igure  26 were e a s i l y  checked by p l a n i m e t r i c  
measurements. Note t h a t  t he  f a t i g u e d  a r e a s  of t h e  AR specimens are 
sma l l  (approximately 11% and 41%) compared t o  those  of t h e  HR 
specimens (17% and 55%) of similar t o t a l  f a t i g u e  l i f e .  Consequently, 
t o  o b t a i n  similar t o t a l  f a t i g u e  l i f e ,  c rack  i n i t i a t i o n  i n  the AR 
specimens must be somewhat more d i f f i c u l t .  
Meta l lographic  observa t ions  of c rack  i n i t i a t i o n  w e r e  made t o  
F i g u r e  26 .  O p t i c a l  Micrographs  of F r a c t u r e d  7050 HCF S p e c b e n s :  
(a) AR, N = 30,830, f a t i g u e d  a r e a  = 11.1%, ( b )  AR, N = 
514,360, f a t i g u e d  a r e a  = 41 .32 ,  ( c )  HR, N = 28,850, 
f 
f a t i g u e d  area = 17.2%, and (d)  HR, Nf = 552,570, f a t i g u e d  
area = 55.0%. 
determine i f  t h e r e  w a s  any m i c r o s t r u c t u r a l  b a s i s  f o r  a d i f f e r e n c e  i n  
c rack  i n i t i a t i o n  r e s i s t a n c e  i n  t h e  experimental  m a t e r i a l s .  Sur faces  
of LCF specimens of t h e  7050 AR m a t e r i a l  cycled a t  a t o t a l  s t r a i n  
amplitude of - + 1.2% (N = 1262) revea led  t h a t  g r a i n  boundaxy cracks  
f 
i n i t i a t e d  e a r l y  ( ~ 1 0 0  cyc le s )  i n  t he  LCF test and l i n k e d  up dur ing  
subsequent cyc l ing ,  F igures  27(a) and 27(b) ,  u n t i l  a c r i t i c a l  c rack  
s i z e  f o r  f a i l u r e  was reached. No crack  i n i t i a t i o n  a t  s u r f a c e  s l i p  
markings was observed. Crack i n i t i a t i o n  i n  t h e  7050 HR m a t e r i a l  
cycled a t  - + 1.2% (Nf = 1165) a l s o  occurred e a r l y  i n  t h e  LCF t e s t .  
S l i p  l i n e s  and i n t e r g r a n u l a r  cracks were observed a t  100 cyc les .  
Subsequent cyc l ing  inc reased  t h e  s e v e r i t y  of s l i p  markings and l e d  
t o  i n i t 5 a t i o n  of c racks  a t  s l i p  l i n e s  and link-up of g r a i n  boundary 
c racks  u n t i l  f a i l u r e  occurred as shown i n  F igures  27(c) and 27(d) .  
E tch ing  of t he  f a t i g u e d  7050 HR specimens revea led  t h a t  c rack  i n i t i a -  
t i o n  occurred e x t e n s i v e l y  a t  s l i p  l i n e s  i n  both r e c r y s t a l l i z e d  and 
u n r e c r y s t a l l i z e d  g r a i n s ,  F igu re  28. 
I n  o r d e r  t o  o b t a i n  a q u a n t i t a t i v e  assessment of LCF crack 
i n i t i a t i o n  r e s i s t a n c e  f o r  t h e  two 7050 m a t e r i a l s ,  a d e t a i l e d  a n a l y s i s  
was made of t h e  f a t i g u e d  areas shown i n  F igu re  27. The technique ,  
(89) descr ibed  by Underwood and S ta rke  , computes L t h e  l eng th  of 
A ' 
crack t r a c e s  p e r  u n i t  a r e a ;  NA, t h e  number of c rack  i n i t i a t i o n  sites 
pe r  u n i t  area; and 2, t h e  mean crack  l e n g t h .  These q u a n t i t i e s ,  
r epo r t ed  i n  Table 5, show t h a t  t h e  s e v e r i t y  of f a t i g u e  damage, as 
r e f l e c t e d  i n  t h e  number and l eng th  of  c racks ,  i s  c o n s i s t e n t l y  l e s s  f o r  
t he  f ine-grained 7050 AR ma te r i a l .  Consequently, i t  i s  concluded 
t h a t  the  AR m i c r o s t r u c t u r e  o f f e r s  s u p e r i o r  LCF crack  i n i t i a t i o n  
Figure 27.  Observat ions of LCF Crack I n i t i a t i o n  i n  7050 LCF Specimens 
Cycled a t  a  T o t a l  S t r a i n  Amplitude of 1 . 2 % :  (a) AR, 
100 cyc le s ,  (b) AR, same a r e a ,  300 cyc le s ,  (c)  HR, 100 
cyc le s ,  and (d)  HR, same a r e a ,  300 cyc le s .  S t r e s s  a x i s  
i s  v e r t i c a l .  
Table 5. Q u a n t i t a t i v e  Meta l lographic  Parameters 
f o r  LCF Crack I n i t i a t i o n  
7050 AR, (+ I .  2%) 
100 cyc l e s  19.45 9,589 
300 cyc l e s  63.34 26,849 
7050 HR, (+1,2%) 
100 c y c l e s  35.99 11,513 
300 cyc l e s  108.82 32,740 
7475 AR, (+O .98%) 
500 cyc l e s  9.16 1,498 
7475 HR, (20.98%) 
500 cyc l e s  15.27 1,519 
7050 HRL , (20.90%) 
600 cyc l e s  63.82 18,083 
7050 HRT, (+0 .go%) 
600 cyc l e s  81.66 17,868 
Figure 28. Etched Surface  of 7050 HR Specimen Cycled a t  a T o t a l  
S t r a i n  Amplitude of 1 .2% f o r  300 Cycles. S t r e s s  Axis 
i s  V e r t i c a l .  
r e s i s t a n c e  compared t o  t he  p a r t i a l l y - r e c r y s t a l l i z e d  HR m a t e r i a l .  
S imi l a r  r e s u l t s  were obta ined  f o r  c rack  i n i t i a t i o n  s t u d i e s  
of t he  7475 m a t e r i a l s .  Specimens of  7475 AR and 7475 HR were s t r a i n -  
cycled a t  a  t o t a l  s t r a i n  ampli tude of - + 0.98%. Crack i n i t i a t i o n  was 
followed by r e p l i c a t i o n  of specimen s u r f a c e s  a t  100 and 500 cyc les .  
O p t i c a l  micrographs of  r e p l i c a s  from these  tests a r e  shown i n  
F igure  29. A t  100 cyc le s ,  s l i p  markings were ev iden t  i n  samples 
of both m a t e r i a l s .  Grain boundary o f f s e t s  had developed i n  t he  AR 
m a t e r i a l .  However, no f a t i g u e  cracks were observed i n  e i t h e r  sample. 
Upon f u r t h e r  cyc l ing  t o  500 c y c l e s ,  ex t ens ive  s l i p  band c rack  
i n i t i a t i o n  and Stage I growth occurred  i n  t he  HR m a t e r i a l  and g r a i n  
boundary c racks  developed i n  AR m a t e r i a l .  By 500 cyc le s ,  c racks  had 
a l s o  i n i t i a t e d  a t  Fe-Si i n t e r m e t a l l i c  p a r t i c l e s  i n  both  m a t e r i a l s .  
These p a r t i c l e s  d id  n o t  appear  t o  change t h e  o v e r a l l  c h a r a c t e r  of 
f a t i g u e  c racking  i n  t h e  two v a r i a n t s  of 7475, b u t  only appeared t o  
a c c e l e r a t e  t h e  ope ra t ing  processes .  I n  7475 AR, f a t i g u e  c racks  which 
i n i t i a t e d  a t  i n t e r m e t a l l i c s  fol lowed g r a i n  boundaries  dur ing  Stage  I 
growth. F igures  29(c) and (d) show t h a t  c r y s t a l l o g r a p h i c  Stage I 
crack  growth along s l i p  bands occurred r e g a r d l e s s  of t h e  o r i g i n a l  
c r ack  i n i t i a t i o n  s i t e .  The q u a n t i t a t i v e  meta l lographic  techniques 
descr ibed  e a r l i e r  were app l i ed  t o  t he  r e p l i c a s  t o  compute L NA and t . A ' 
A s  i n  t he  case  of t he  7050 m a t e r i a l s ,  t h e  AR v a r i a n t  of 7475 
e x h i b i t e d  c o n s i s t e n t l y  less seve re  f a t i g u e  damage than  i t s  HR counter-  
p a r t  a s  shown by t h e  va lues  i n  Table 5. 
Two m i c r o s t r u c u t r a l  f e a t u r e s ,  g r a i n  s i z e  and p r e f e r r e d  
o r i e n t a t i o n ,  a r e  probably r e spons ib l e  f o r  t h i s  d i f f e r e n c e  i n  c rack  
F i g u r e  29 .  LCF Crack I n i t i a t i o n  i n  7475 Specimens Cycled 500 Cycles 
at a Total Strain Amplitude of 0.98%: (a) and (b) AR, 
( c )  and (d )  HR. 
i n i t i a t i o n  behavior .  During f a t i g u e  cyc l ing ,  l a r g e  well-developed 
p e r s i s t e n t  s l i p  bands (PSB1s) form i n  t h e  ho t - ro l l ed  materials. 
The formation of PSB's i n  t hese  m a t e r i a l s  i s  a ided  by t h e  degree of 
p r e f e r r e d  o r i e n t a t i o n  ( t e x t u r e )  in t roduced  i n t o  t h e  p l a t e  by hot-  
r o l l i n g .  The sha rp  (110) [ l i 2 ]  t e x t u r e  of t h e  HR m a t e r i a l s  shown i n  
F igure  11 provides  a h i g h e r  d e n s i t y  of  g r a i n s  wi th  (1111 p l anes  
favorably  o r i e n t e d  f o r  s l i p  when compared t o  t h e  more randomly 
o r i e n t e d  AR m a t e r i a l s .  With a low degree of m i s o r i e n t a t i o n  between 
a d j a c e n t  g r a i n s  and subgra ins  , t h e i r  boundaries  do n o t  provide  
e f f e c t i v e  b a r r i e r s  a g a i n s t  s l i p  as shown i n  F igu re  28. PSB's l e a d  t o  
the  development of coarse  s u r f a c e  s l i p  l i n e s  which provide  easy sites 
f o r  crack i n i t i a t i o n  and Stage I crack  growth. I n  t h e  A R m a t e r i a l s ,  
high-angle g r a i n  boundaries  e f f e c t i v e l y  prevent  t h e  t r a n s f e r  of 
p l a s t i c i t y  between ad jacen t  g ra ins .  Since neighboring g r a i n s  a r e  
u n l i k e l y  t o  have similar o r i e n t a t i o n s  (no te  t he  random t e x t u r e s  of 
F igu re  l o ) ,  t h e  development of PSB's i s  r e s t r i c t e d  t o  i n d i v i d u a l  
g ra ins .  Sur face  s l i p  markings a r e  much l e s s  i n t e n s e  than  observed f o r  
the  HR m a t e r i a l s  and a r e  u n l i k e l y  t o  be  c rack  i n i t i a t i o n  sites. 
Consequently, c rack  i n i t i a t i o n  i n  t he  AR m a t e r i a l s  occurs  predominantly 
a t  t h e  g r a i n  boundaries .  A s  PSB1s develop dur ing  f a t i g u e  and begin  t o  
i n t e r s e c t  g r a i n  boundar ies ,  some g r a i n  r o t a t i o n ,  r e s u l t i n g  i n  micro- 
s cop ic  o f f s e t s ,  occurs  t o  accommodate d i f f e r i n g  degrees of deformation 
i n  ad j acen t  g r a i n s .  D i s loca t ion .p i l e -ups . a t  g r a i n  boundaries  and g r a i n  
boundary o f f s e t s  probably r e s u l t  i n  t h e  i n t e r g r a n u l a r  crack i n i t i a t i o n  
shown i n  F igures  27  and 29.  I t  a l s o  appears  from t h e s e  f i g u r e s  t h a t  t h e  
l ink-up of s m a l l  c racks  t o  form a l a r g e r ,  and e v e n t u a l l y  f a t a l ,  c rack  
i s  more d i f f i c u l t  than  crack link-up i n  t he  HR materials. 
I n  o rde r  t o  determine t h e  r o l e  of p r e f e r r e d  o r i e n t a t i o n  on t h e  
crack i n i t i a t i o n  behavior  of t h e  a l l o y s ,  two 7050 HR specimens were 
prepared: specimen HRL w i t h  t h e  a x i s  p a r a l l e l  t o  t he  r o l l i n g  d i r e c t i o n  
of  t h e  p l a t e ,  and specimen HRT w i t h  the  a x i s  perpendicular  t o  t h e  
r o l l i n g  d i r e c t i o n .  The specimens were s t r a i n  cycled a t  a t o t a l  
s t r a i n  ampli tude of 0.90% f o r  600 cyc le s ,  a f t e r  which they were 
examined by o p t i c a l  metallography. The q u a n t i t a t i v e  me ta l log raph ic  
parameters  shown i n  Table 5 i n d i c a t e s  t h a t  t h e  crack i n i t i a t i o n  r e s i s -  
t ance  i s  r e l a t i v e l y  una f fec t ed  by o r i e n t a t i o n  i n  t he  7050 HR m a t e r i a l .  
Fa t igue  Crack Propagat ion 
Alloy 7050 
Fa t igue  c rack  propagat ion  d a t a  f o r  t he  7050 exper imenta l  
m a t e r i a l s ,  p l o t t e d  a s  da/dN vs. AK, a r e  shown i n  F igure  30. Over t h e  
% range of AK s t u d i e d ,  5-25 MPam , t he  curves assume t h e  s igmoida l  
shape t y p i c a l l y  observed f o r  most FCP data"'). A comparison of t h e  
d a t a  shows t h a t  t h e  s lowes t  c rack  growth r a t e s  a t  low AK va lues  were 
e x h i b i t e d  by specimens o f  t he  HR m a t e r i a l  c u t  from t h e  c e n t e r  of t h e  
p l a t e  (des igna ted  as HR-C on F igure  30) .  When t h e  specimens were 
taken  from t h e  top o r  bottom edge of t h e  HR p l a t e  (HR-E), crack  
growth r a t e s  were comparable t o  those  of  7050 AR i . e . ,  3-4 t imes f a s t e r  
than the  HR-C m a t e r i a l .  The l i m i t e d  d a t a  obta ined  f o r  7050 AR+HR 
showed t h a t  FC€' rates were s i m i l a r  o r  s l i g h t l y  f a s t e r  than  f o r  t he  AR 
m a t e r i a l .  A t  h ighe r  AK va lues ,  t he  da/d~-AK p l o t s  f o r  t h e  exper imenta l  
m a t e r i a l s  converge, and t h e  HR-C m a t e r i a l  l o s e s  i t s  l a r g e  advantage 
Figure 30. Fat igue Crack Propagation Data Obtained f o r  7050 
Experimental Mater ia ls  P lo t t ed  a s  da/dN versus A K ,  
i n  FCP r e s i s t a n c e  over  t he  o t h e r  m a t e r i a l s .  The d a t a  p l o t t e d  i n  
F igu re  30 shows tk s c a t t e r  bands o f  t he  FCG d a t a  f o r  bo th  specimen 
o r i e n t a t i o n s ,  T-L and L-T. Resu l t s  f o r  7050 AR and 7050 HR showed 
no apprec i ab le  d i f f e r e n c e s  i n  crack growth r a t e s  f o r  d i f f e r e n t  
specimen o r i e n t a t i o n s .  7050 11l1-t-HR showed s l i g h t l y  h i g h e r  c rack  growth 
rates when the  c rack  grew perpendicular  t o  t he  r o l l i n g  d i r e c t i o n  
(L-T). Q u a n t i t a t i v e  metal lography showed t h a t  p a r t i c l e  spac ing  was 
approximately t h e  same i n  bo th  L and T d i r e c t i o n s  of t h e  AR+HR 
p l a t e ,  e l i m i n a t i n g  t h a t  p o s s i b l e  m i c r o s t r u c t u r a l  exp lana t ion  f o r  
observed d i f f e r e n c e s  i n  c rack  growth r a t e s .  I n  view of t h e  scatter 
observed f o r  FCP d a t a  of t h e  o t h e r  exper imenta l  materials, e .g., 
HR-C, specimen o r i e n t a t i o n  probably does n o t  have a s i g n i f i c a n t  e f f e c t  
on c rack  growth r a t e s  of  7050 AWHR. 
I n  o r d e r  t o  determine i f  FCP rates f o r  t h e  7050 materials are 
in f luenced  by the  presence of r e s i d u a l  stresses, s e v e r a l  sample 
b lanks  were r e s o l u t i o n i z e d ,  quenched, and aged t o  the T6X1 temper. 
This rehea t - t rea tment  w a s  thought necessary  s i n c e  t h e  o r i g i n a l  7050 
AR and AR+HR specimens were c u t  from p rev ious ly  h e a t - t r e a t e d  p l a t e  and 
the  HR specimens were heat- t reate-d a s  sma l l  b lanks .  D i f f e rences  
i n  r e s i d u a l  s t r e s s e s  could have con t r ibu ted  somewhat t o  t h e  o v e r a l l  
s c a t t e r  i n  t h e  FCP da ta .  However, t h e  d a t a  from t h e s e  specimens 
i n v a r i a b l y  f e l l  w i t h i n  t h e  s c a t t e r  band f o r  t he  c rack  growth d a t a  
c o l l e c t e d  from t h e  o r i g i n a l  specimens. Thus, i t  was concluded t h a t  
t h e  major d i f f e r e n c e s  i n  c rack  growth rates a r i s e  from the  micro- 
s t r u c t u r e s  produced by t h e  d i f f e r e n t  i n g o t  p roces s ing  methods and n o t  
from d i f f e r e n c e s  i n  t h e  r e s i d u a l  stresses. 
The two major micros t r u c t u r  a 1  f e a t u r e s  which may con t r ibu te  
t o  t h e  d i f f e r ences  i n  FCP r a t e s  i n  t h i s  s tudy  are the g r a i n  s t r u c t u r e  
( g r a i n  s i z e  and degree of  r e c r y s t a l l i z a t i o n )  and t h e  volume f r a c t i o n  
and d i s t r i b u t i o n  of  t h e  A l  CuMg p a r t i c l e s .  A t  low AK v a l u e s ,  t h e  
2 
h ighe r  crack growth rates o f  t h e  7050 ITMT m a t e r i a l s  (AR, ARMR) 
compared t o  t h e  HR-C m a t e r i a l  a r e  most l i k e l y  due t o  t h e  l a r g e  volume 
f r a c t i o n  (>1.0%) of Al CuMg p a r t i c l e s  i n  t h e  mic ros t ruc tu re s .  S ince  
2 
t he  AR and ARi-HR m a t e r i a l s  have markedly d i f f e r e n t  g r a i n  s t r u c t u r e s  
( s ee  F igure  5 ,  Table 2 ) ,  b u t  comparable FCP r a t e s ,  DR and g r a i n  s i z e  
a r e  probably n o t  t h e  most impor tan t  parameters  c o n t r o l l i n g  c rack  growth 
i n  t h e  7050 a l l o y  s t u d i e d  i n  t h i s  i n v e s t i g a t i o n .  However, g r a i n  
s t r u c t u r e  may have some e f f e c t  on FCP rates when t h e  volume f r a c t i o n  
of Al CuMg p a r t i c l e s  i s  n o t  a  f a c t o r .  Recent r e sea rch  a t  ~ l c o a ( ~ )  and 2 
t h i s  l abo ra to ry  (53) a l s o  i n d i c a t e s  t h a t  g r a i n  s t r u c t u r e  does n o t  p l a y  
a dominant r o l e  i n  determining FCP r a t e s  i n  7050-type a l l o y s .  There 
i s  s u b s t a n t i a l  evidence (1953) , however, t h a t  degree of r e c r y s  t a l l i z a t i o n  
may i n f l u e n c e  c rack  growth i n  a l l o y s  w i t h  fewer c o n s t i t u e n t  p a r t i c l e s .  
The conclus ion  t h a t  t h e  undissolved A 1  CuMg p a r t i c l e s  are 
2 
r e spons ib l e  f o r  t h e  h i g h e r  FCP r a t e s  i n  t he  7050 ITMT materials i s  
supported by the  SEM f rac tog raphs  of F igures  31 and 32. Many a r e a s  of 
t h e  ITMT f a t i g u e  f r a c t u r e  s u r f a c e s  were found t o  con ta in  l a r g e  con- 
c e n t r a t i o n s  of  t h e  p a r t i c l e s .  Loca l ized  . a r e a s  of i n t e r g r a n u l a r  
f r a c t u r e  and a r e a s  covered wi th  A l  CMg p a r t i c l e s  w e r e  t h e  most f r equen t  2 
f e a t u r e s  found on t h e  ITMT f a t i g u e  f r a c t u r e  s u r f a c e s  a s  shown i n  
F igure  31. The f r a c t u r e  s u r f a c e s  of 7050 HR f a t i g u e  specimens, 
F i g u r e  31. Scanning E l e c t r o n  Frac tographs  of 7050 ITMT Crack 
Growth Specimens Tes ted  i n  Dry A i r  a t  AK = 8.5 ma2: 
(a) and (b)  AR, and (c) AR+HR. Crack growth d i r e c t i o n  is  
v e r t i c a l .  
Figure 32. Scanning Elec t ron  Fractographs o f  7050 HR Crack Growth 
Specimens Tested i n  Dry Air a t  AK = 8.5 M F d .  Crack 
Growth Direc t ion  i s  V e r t i c a l .  
Figure 32, show the  presence of d u c t i l e  crack growth markings (not 
f a t i g u e  s t r i a t i o n s )  and fea tu res  which resemble i r r e g u l a r  p la teaus  and 
r idges.  Al CuMg p a r t i c l e s  w e r e  only observed r a r e l y  on the  FCP 
2 
su r faces  of 7050 HR. 
Other research(6) seemingly con t rad ic t s  the  previously 
s t a t e d  conclusion regarding the  e f f e c t  of cons t i tuen t  p a r t i c l e s  
i n  the 5-10 pm s i z e  range on f a t i g u e  crack growth i n  t h i s  i n v e s t i -  
gaion. Sta ley  and co-workers ( 6 )  o f f e r  f ractographic evidence t o  show 
t h a t  l a r g e  c o n s t i t u e ~ t  p a r t i c l e s  have l i t t l e  e f f e c t  on s t r i a t i o n  
spacing and FCP r a t e s  i n  hot - ro l led  mate r i a l s .  However, i n  the  more 
r e c r y s t a l l i z e d  ITMT mate r i a l s ,  the  Al CuMg p a r t i c l e s  a r e  o f t e n  found a t  
2 
gra in  boundaries (Figure 5 ) ,  and may lead t o  loca l i zed  in te rg ranu la r  
f r a c t u r e  during f a t i g u e  crack growth a s  shown i n  Figure 31. This lower 
energy type of f r a c t u r e  would be expected t o  lead t o  the accelera ted  
crack growth r a t e s  observed f o r  t h e  ITMT mate r i a l s .  
The p o s i t i o n  of the  HR-E crack growth d a t a  on Figure 30 a l s o  
supports the  conclusion regarding undissolved A12CuMg p a r t i c l e s  and 
f a t i g u e  crack propagation. The micros t ructure  , Figure 33, of t h e  
HR-E mater ia l  is  approximately 72% r e c r y s t a l l i z e d  and has a recry- 
s t a l l i z e d  g r a i n  s i z e  of ".055 mm, causing t o  resemble the  ITMT 
( A R H R )  micros t ructure  more c lose ly  than t h a t  o f .  7050 HR. Importantly, 
i t  should be noted from Figure 33 t h a t  the volume f r a c t i o n  of A12CuMg 
p a r t i c l e s  (1.38%) is considerably l a r g e r  i n  t h e  HR-E m a t e r i a l  than i n  
the  HR-C. This i s  probably due t o  the  uneven d i s t r i b u t i o n  of a l l o y  
(83) elements between the center  and edges of the  as-cast- ingo t  . The higher  
F i g u r e  33. M i c r o s t r u c t u r e  of 7050 HR Material Near the Edge of  the 
38.1 mrn P l a t e  (HR-E) . 
volume f r a c t i o n  of Al CuMg i n  t h e  HR-E specimens probably l e a d s  t o  
2 
t h e  observed FCP rates by t h e  same mechanism discussed  previous ly  
f o r  t h e  7050 ITMT materials. 
The FCP rates f o r  7050 AR remain somewhat h ighe r  than  f o r  
t he  HR-C m a t e r i a l s  a t  h igh  AK va lues .  Most r e sea rch  ( I v 6 )  has  i n d i -  
c a t e d  t h a t ,  as AK values  approach h i C , f a t i g u e  c rack  growth i s  a f f e c t e d  
by t h e  same parameters  t h a t  c o n t r o l  f r a c t u r e  toughness.  As  discussed  
p rev ious ly  ( see  Monotonic P r o p e r t i e s ) ,  r e c r y s t a l l i z e d  mic ros t ruc tu re s  
and c o n s t i t u e n t  p a r t i c l e s  i n  t h e  1-10 ym range are bo th  de t r imen ta l  
t o  f r a c t u r e  toughness i n  7XXX p l a t e  . Consequently, t h e  
l a r g e  A l  CuMg volume f r a c t i o n  and r e c r y s t a l l i z e d  m i c r o s t r u c t u r e  of  
2 
t h e  AR m a t e r i a l s  should adequately e x p l a i n  i t s  observed h ighe r  FCP 
r a t e s  a t  h igh  AK l e v e l s .  
Alloy 74 75 
FCP r a t e s  f o r  7475 specimens t e s t e d  i n  t h e  T-L o r i e n t a t i o n  
a r e  shown i n  F igure  34. 7475 HR e x h i b i t e d  t h e  b e s t  r e s i s t a n c e  t o  
f a t i g u e  c rack  growth, i . e . ,  s lowes t  FCP rates, over  the range of AK 
s tud ied .  7475 AR-HIR showed s l i g h t l y  s u p e r i o r  FCP r e s i s t a n c e  compared 
t o  7475 AR. F igures  35 through 37, which show SEM f r ac tog raphs  of 
f a t i g u e  crack growth f r a c t u r e  s u r f a c e s ,  suppor t  a m i c r o s t r u c t u r a l  
exp lana t ion  f o r  t h e  observed d i f f e r e n c e s  i n  FCP r e s i s t a n c e .  A t  low 
AK 7475 AR f a t i g u e  f r a c t u r e  s u r f a c e s ,  F igure  35, had a ve ry  i r r e g u l a r  
f r a c t u r e  appearance, cha rac t e r i zed  by t h e  presence of i n d i v i d u a l  
g r a i n  f a c e t s .  S l i p  markings on t h e  f r a c t u r e  s u r f a c e  obviously 
changed o r i e n t a t i o n  a t  g r a i n  boundaries.  7475 HR low AK f a t i g u e  
f r a c t u r e s ,  shown i n  Figure 3 6 ,  e x h i b i t e d  r e g u l a r  d u c t i l e  s l i p -  
Figure 3 4 .  Fat igue  Crack Propaga t ion  Data Obtained f o r  7475 Experimental 
Ma te r i a l s  ~ l o ' t t e d  as d a / d ~  versus AK. 
Figure 35. Scanning Elec t ron  Fractographs of 7475 AR Crack Grpwth 
Specimens Tested i p  Dry A i r  a t :  (a) AK = 8.5 MPam5, and 
(b) AK = 15.0 MPm5. Crack growth d i r e c t i o n  i s  v e r t i c a l .  
Figure  36. Scanning E lec t ron  Practographs of 7475 HR Crack Grpwth 
Specimens Tested i p  Dry A i r  a t :  (a)  AK = 8.5 MPm3, and 
(b)  AK = 15.0 PIT&. Crack growth d i r e c t i o n  i s  v e r t i c a l .  
Figure 37 .  Scanning E lec t ron  Fractographs of 7475 AR+HR Crack Growth + Specimens Tested ip Dry A i r  a t :  (a) AK = 8.5 MPam , and 
(b)  AK = 15.0 man5. Crack growth d i r e c t i o n  is  v e r t i c a l .  
markings, and were gene ra l ly  more f e a t u r e l e s s  i n  appearance than  
7475 AR f r a c t u r e s .  The presence o f  t h e  p l a t e a u s  and r i d g e s  shown 
i n  Figure 36 i s  probably a s s o c i a t e d  w i t h  t h e  presence  of  t h e  elon- 
ga ted  "packets" of subgra ins  i n  t he  ho t - r o l l e d  m a t e r i a l .  From a 
comparison of Figure 6(c)  and Figure 36, i t  i s  ev iden t  t h a t  t he  width 
of  t h e  e longated  f e a t u r e s  on t h e  f r a c t u r e  s u r f a c e s  is  approximately 
t h e  same a s  t h a t  of t h e  u n r e c r y s t a l l i z e d  g r a i n s  i n  t h e  mic ros t ruc tu re .  
Examination of  7475 AR+HR specimens f a t i g u e d  a t  low AK,  F igure  3 7 ,  
revea led  f r a c t u r e  f e a t u r e s  i n t e rmed ia t e  i n  c h a r a c t e r  between those  
of the  o t h e r  7475 m a t e r i a l s .  FCP f r a c t u r e s  i n  7475 ARtfIR were no t  
a s  d u c t i l e  and r e g u l a r  i n  a h e a r a n c e  a s  those  of 7475 HR, b u t  were 
n o t  a s  f ace t ed  and c h a o t i c  as those  o f  t h e  AR m a t e r i a l .  A t  h ighe r  
AK(15.0 MPd) , t h e  PCP f r a c t u r e  s u r f a c e s  of a l l  t h r e e  7475 m a t e r i a l s  
w e r e  somewhat more d u c t i l e  i n  appearance. Grain f a c e t s  on AR and 
ARWR specimens were more rounded i n  appearance and f a t i g u e  s t r i a t i o n s  
could b e  observed i n  all t h r e e  materials. The o v e r a l l  ranking of FCP 
f r a c t u r e  c h a r a c t e r  a t  h igh  AK, however, remained t h e  same: 7475 
AR e x h i b i t e d  t h e  roughes t ,  most i r r e g u l a r  f r a c t u r e  appearance, wh i l e  
7475 HR f r a c t u r e s - w e r e  the  most f e a t u r e l e s s  wi th  r e g u l a r  s l i p  markings. 
S i m i l a r  observa t ions  of FCP f r a c t u r e  c h a r a c t e r  have been made prev ious ly  (53) 
i n  f a t i g u e  s t u d i e s  of Al-Zn-Mg-Cu a l l o y s  wi th  d i f f e r e n t  g r a i n  s t r u c t u r e s .  
I t  is  apparent  from, a  c o r r e l a t i o n  of FCP f r a c t u r e  appearance 
and observed d a / d ~  va lues  t h a t  t h e  more d u c t i l e ,  f e a t u r e l e s s  f r a c t u r e  
of 7475 HR promotes t he  b e s t  r e s i s t a n c e  t o  f a t i g u e  c rack  growth. The 
presence  of subgra ins  i n  the  ho t - ro l l ed  m a t e r i a l s  tends t o  homogenize 
deformation on a  microscopic s c a l e  (53) and provides f o r  a  d u c t i l e ,  
t r a n s g r a n u l a r  type f r a c t u r e  mode (Figures  1 5  and 36) .  This type of 
f r a c t u r e  would be  expected t o  absorb more energy dur ing  FCP than  t h e  
l e s s  d u c t i l e ,  f a c e t e d  f r a c t u r e  s e e n  i n  7475 AR specimens. High-angle 
g r a i n  boundaries  i n  t h e  r e c r y s t a l l i z e d  m a t e r i a l  seem t o  provide a 
p r e f e r r e d  pa th  f o r  c rack  growth, l ead ing  t o  a lower-energy i n t e r -  
g ranu la r  type of f r a c t u r e  and h ighe r  da/dN va lues .  The type  of 
mechanism descr ibed  above may a l s o  be r e spons ib l e ,  i n  p a r t ,  f o r  t h e  
d i f f e r e n c e s  i n  FCP r a t e s  i n  t h e  7050 m a t e r i a l s .  However, due t o  
the  d i f f e r e n t  volume f r a c t i o n s  of A 1  CuMg i n  those  m a t e r i a l s ,  d i f f e r e n c e s  
2 
i n  g r a i n  s t r u c t u r e  could n o t  be  s a i d  unambiguously t o  a f f e c t  FCP 
r a t e s  of  7050 i n  t h e  descr ibed  manner. 
Recently s e v e r a l  workers (9 1-9 3) have sought  t o  develop 
p r e d i c t i v e  r e l a t i o n s h i p s  f o r  f a t i g u e  c rack  growth r e s i s t a n c e  
based on measurable LCF and m i c r o s t r u c t u r a l  parameters .  Due t o  t h e  
c o n s t r a i n t  of surrounding m a t e r i a l ,  a f i n i t e  volume of m a t e r i a l  a t  
t h e  crack t i p  undergoes a cond i t i on  of s t r a i n - c o n t r o l l e d  cyc l ing .  As 
damage accumulates i n  t h i s  r eg ion  t o  a l e v e l  a t  which the c y c l i c  
d u c t i l i t y  i s  exceeded, c racking  occurs .  L iu  and I i n o  have used 
Miner 's  cumulative damage l a w  ( 9 4 )  and the  Cof fin-Nanson r e l a t i o n s h i p ,  
Equat ion 4 ,  t o  formula te  an  equa t ion  f o r  p r e d i c t i n g  FCP r a t e s  from 
LCF parameters .  The i r  approach has been modified by Majumdar and 
Morrow ( 9 2 )  and, more r e c e n t l y ,  by Chakrabort ty  (93) who have at tempted 
t o  i n c o r p o r a t e  a m i c r o s t r u c t u r a l  parameter i n  t h e i r  ana lyses .  
According t o  Chakrabortty,  t h e  m i c r o s t r u c t u r a l  parameter ,  p ' ,  should  
r ep re sen t  t h e  d i s t a n c e  over  which s l i p  can occur  be fo re  encounter ing 
a major b a r r i e r .  H i s  equa t ion ,  shown i n  Appendix C, has  been app l i ed  
(93) (93) s u c c e s s f u l l y  t o  p r e d i c t  FCP r a t e s  i n  s t e e l s  , t i t an ium a l l o y s  , 
and 7XXX aluminum a l l o y s  C93995) 
This r e l a t i o n s h i p  has  been app l i ed  t o  t h e  7475 f a t i g u e  d a t a  
obta ined  i n  t h e  p r e s e n t  i n v e s t i g a t i o n .  Since the  m i c r o s t r u c t u r e  of  
7475 conta ins  predominantly shea rab le  p r e c i p i t a t e s ,  a p '  va lue  of 
one-half t he  average g r a i n  l e n g t h  i n  t h e  r o l l i n g  d i r e c t i o n  was 
chosen. It  may have seemed p o s s i b l e  t o  use  t h e  subgra in  s i z e  f o r  
t h i s  parameter.  However, i t  was shown p rev ious ly  i n  t h i s  work t h a t  
t h e  t e x t u r e  of t he  ho t - ro l l ed  m a t e r i a l s  made t h e  subgra ins  i n e f f e c t u a l  
as b a r r i e r s  t o  f a t i g u e  deformation. The LCF parameters ,  ob ta ined  
from Equat ions 3 and 4 ,  and va lues  of p S  and Young's Modulus f o r  t h e  
t h r e e  7475 v a r i a n t s  are shown i n  Table 6. 
Before t h e  exper imenta l  7475 FCP d a t a  could b e  compared t o  
p r e d i c t i o n s  from Chakrabor t ty ' s  equat ion ,  i t  w a s  nceessary  t o  account  
f o r  the  presence  of r e s i d u a l  s t r e s s e s  i n  t h e  7475 p l a t e .  Compressive 
r e s i d u a l  stresses, whose va lues  a r e  shown i n  Table 6 ,  were found by 
x-ray measurements t o  occur  i n  t he  long  t r a n s v e r s e  d i r e c t i o n  of  t h e  
t h r e e  7475 p l a t e s .  (Thei r  presence i n  the  m a t e r i a l s  i s  n o t  e n t i r e l y  
unexpected s i n c e  t h e  exper imenta l  p l a t e s  were n o t  g iven  t h e  stress- 
r e l i e v i n g  s t r e t c h i n g  ope ra t ion  u s u a l l y  rece ived  by commercial p l a t e s ) .  
The occurrence of compressive s t r e s s e s  i n  t h e  long t r a n s v e r s e  
d i r e c t i o n  of  t h e  FCP specimens would b e  expected t o  slow crack  growth 
rates i n  t he  T-L specimens used t o  o b t a i n  t h e  7475 da ta .  Since 
compact t ens ion  specimens were used i n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  it 
w a s  n o t  p o s s i b l e  t o  c o r r e c t  t h e  s t r e s s  i n t e n s i t y  f a c t o r  d i r e c t l y  
wi th  the  app ropr i a t e  r e s i d u a l  s t r e s s .  The c a l c u l a t i o n  of X i n  
Table  6. Paramete rs  f o r  P r e d i c t i n g  FCP Ra tes  
from t h e  Chakrabor t ty  (93) E q u a t i o n  
' ( a t  2Nf=1) 
E f 0 .20  0 .20  0.20 
n ' 0.05 0 .06 0 . 0 4  
R e s i d u a l  S t r e s s  
3 6 30 4 8 
compact t ens ion  specimens must be made from the  app l i ed  load  and 
o t h e r  geometr ic  f a c t o r s ,  r a t h e r  than  from an app l i ed  f a r - f i e l d  s t r e s s ,  
as i n  t h e  case  of  center-cracked specimens(49).  (This type  of 
c a l c u l a t i o n  i s  i l l u s t r a t e d  f o r  the  c rack  growth specimen of  t h e  
p r e s e n t  i n v e s t i g a t i o n  i n  Appendix A). An i n d i r e c t  method was used 
t o  e s t i m a t e  t he  r educ t ion  i n  K va lue  f o r  a compact t ens ion  specimen 
caused by the  presence of a compressive r e s i d u a l  stress (96) .  For 
a given K ,  a p l o t  of a ve r sus  r can be  made according t o  Equat ion 6: 
Y 
where : 
u = stress perpendicular  t o  t h e  crack growth d i r e c t i o n ,  and 
Y 
r = d i s t a n c e  from crack  t i p .  
% Such a p l o t  i s  shown i n  F igure  38 f o r  a K va lue  of 10  MPam . A f t e r  
s u b t r a c t i o n :  of t he  r e s i d u a l  s t r e s s  va lue ,  a new a -r curve was 
Y 
obta ined .  The areas under t h e  two curves were c a l c u l a t e d  f o r  va lues  
of r up t o  r = 8000 ym, a p o i n t  f a r  enough from t h e  crack t i p  s o  t h a t  
max 
a i s  ve ry  small .  By comparing t h e  a r e a  under t h e  two curves up t o  
Y 
r t h e  e f f e c t i v e  K due t o  t h e  r e s i d u a l  s t r e s s  i s  e s t ima ted .  max ' 
Values of AK f o r  FCP specimens may be co r r ec t ed  f o r  r e s i d u a l  
stress i n  an analogous manner t o  t h e  method descr ibed  above. The 
r e s i d u a l  s t r e s s  va lues  of Table 6 were used t o  c o r r e c t  t he  7475 FCP 
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Figure  39. 7475 FCP Data Correc ted  f o r  Residual  S [ G ~ ~ S ~ S  and Compared 
t o  t h e  P r e d i c t i o n s  of t h e  Chakrabort ty  Equat ion.  
and compared t o  p r e d i c t i o n s  o f  FCP rates made from Chakrabort ty 's  
equat ion .  It i s  ev iden t  t h a t  t he  p r e d i c t i o n s  of FCP r e s i s t a n c e  
from the  LCF d a t a  a r e  i n  f a i r l y  good agreement w i t h  t h e  d a t a  obta ined  
f o r  7475 AR and 7475 HR a t  da/dN v a l u e s  g r e a t e r  than  0.01 pm/cycle. 
However, t h i s  agreement may be  pu re ly  f o r t u i t o u s .  The c o r r e c t i o n s  
made t o  account  f o r  r e s i d u a l  s t r e s s e s  can only  be  assumed t o  r e s u l t  
i n  e s t i m a t e s ,  r a t h e r  than  a b s o l u t e  va lues ,  of AK s i n c e  x-ray 
measurements of  r e s i d u a l  stresses normally invo lve  a l a r g e  amount 
of s c a t t e r .  Furthermore, o t h e r  m i c r o s t r u c t u r a l  f e a t u r e s  n o t  
accounted f o r  by t h e  magnitude of  p '  might have in f luenced  FCP rates 
i n  the  p r e s e n t  i n v e s t i g a t i o n .  Parameters such as d i spe r so id  spac ing  
and d i s t r i b u t i o n ,  subgra in  s i z e ,  and t e x t u r e  could have l e d  t o  
some v a r i a b i l i t y  i n  t h i s  r e spec t .  It i s  important  t o  no te  t h a t ,  
even though q u a n t i t a t i v e  agreement w i th  observed FCP r a t e s  was n o t  
always obta ined ,  t h e  r e l a t i v e  p o s i t i o n s  of  t h e  d a t a  were c o r r e c t l y  
p r e d i c t e d  from LCF and m i c r o s t r u c t u r a l  parameters  u s ing  t h e  r e l a t i o n s h i p  
proposed by Chakrabortty.  
CWTER V 
CONCLUSIONS 
1. The u n r e c r y s t a l l i z e d  mic ros t ruc tu re s  of ho t - ro l l ed  7050 and 
7475 exh ib i t ed  t h e  b e s t  o v e r a l l  combination of  p r o p e r t i e s  of 
t h e  m a t e r i a l s  s tud ied .  For a p p l i c a t i o n s  where t o t a l  f a t i g u e  
performance must b e  considered ( i . e . ,  r e s i s t a n c e  t o  c rack  
i n i t i a t i o n ,  crack growth, and uns t ab le  f r a c t u r e )  , t he  HR v a r i a n t s  
of t h e  a l l o y s  should  be  chosen i n  p re fe rence  t o  more f u l l y  
r e c r y s t a l l i z e d  ITMT m a t e r i a l s .  
2. T o t a l  LCF and HCF lives of  t h e  experimental  m a t e r i a l s  w e r e  
r e l a t i v e l y  unaf fec ted  by changes i n  mic ros t ruc tu re  produced 
by i n g o t  process ing .  Some s l i g h t  improvement i n  LCF l i f e  of 
7475 AR a t  low s t r a i n  ampli tudes w a s  i nd ica t ed .  
3. Crack i n i t i a t i o n  r e s i s t a n c e  o f  f ine-grained AR materials was 
improved somewhat due t o  t h e  v i r t u a l  e l i m i n a t i o n  of s l i p  
band decohesion as a crack i n i t i a t i o n  mechanism. This  e f f e c t  
w a s  more pronounced i n  t h e  more f u l l y  r e c r y s t a l l i z e d  7050 AR. 
4. The t e x t u r e  o f  t h e  HR m a t e r i a l s  l e d  t o  t h e  occurence of  c rack  
i n i t i a t i o n  and S tage  1 crack growth a t  s l i p  bands i n  both  re- 
c r y s t a l l i z e d  and u n r e c r y s t a l l i z e d  g r a i n s .  Subgrains were no t  
e f f e c t i v e  i n  prevent ing  t h i s  type of  crack i n i t i a t i o n .  
5. The HR v a r i a n t s  of  both exper imenta l  materials exh ib i t ed  t h e  b e s t  
FCP r e s i s t a n c e  of t h e  m a t e r i a l s  s t u d i e d .  I n  7475,  t h i s  improvement 
was a t t r i b u t e d  t o  t h e  promotion o f  a high-energy absorbing t r ans -  
g ranu la r  type o f  f r a c t u r e  by subgra ins  i n  t he  u n r e c r y s t a l l i z e d  
m a t e r i a l .  High-angle g r a i n  boundaries  i n  7475 AR provided f o r  
a lower-energy i n t e r g r a n u l a r  f r a c t u r e  mode. Analysis  of g r a i n  
s t r u c t u r e  e f f e c t s  on FCP of 7050 was h indered  by t h e  presence  
of  l a r g e  volume f r a c t i o n s  of A12CuMg i n  the  ITMT materials. 
6 .  The d i f f e r e n c e s  i n  mic ros t ruc tu re  observed i n  similar v a r i a n t s  
of  7475 and 7050 w e r e  due t o  t h e  presence of d i f f e r e n t  
d i spe r so id  phases and s l i g h t  d i f f e r ences  i n  process ing  schedules .  
7050 m a t e r i a l s  w e r e  more f u l l y  r e c r y s t a l l i z e d  than  t h e i r  
7475 coun te rpa r t s .  
7. Improved homogeneity of deformation due t o  t he  f i n e  g r a i n  s i z e  
of t h e  AR v a r i a n t s  l e t  t o  d u c t i l i t y  improvements i n  7475 and 
equ iva l en t  d u c t i l i t y  i n  7050 compared t o  t h e  ho t - ro l l ed  m a t e r i a l s .  
The l a c k  of  a d u c t i l i t y  improvement i n  7050 AR was due t o  
the  occurrence of pronounced i n t e r g r a n u l a r  f r a c t u r e .  
8. The occurrence  of l a r g e  volume f r a c t i o n s  of AIZCuMg i n  7050 
ITMT materials w a s  due t o  a slow cool ing  s t e p  p r i o r  t o  deforma- 
t i o n  a t  274OC. Re-solution of t hese  p a r t i c l e s  was no t  accom- 
p l i shed  by t h e  s o l u t i o n  t rea tments  used i n  t he  p re sen t  
i n v e s t i g a t i o n .  
9 .  A12CuMg p a r t i c l e s  i n  7050 ITMT materials were de t r imen ta l  t o  
f r a c t u r e  toughness and FCP r e s i s t a n c e  . 
10. The occurrence o f  low-energy i n t e r g r a n u l a r  f r a c t u r e  i n  AR 
v a r i a n t s  of  7050 and 7475 produced low f r a c t u r e  toughness va lues  
compared t o  t he  u n r e c r y s t a l l i z e d  o r  p a r t i a l l y  r e c r y s t a l l i z e d  
v a r i a n t s  of  t he  a l l o y s .  
11. The 7475 FCP d a t a  showed t h a t  t he  presence of  compressive 
r e s i d u a l  s t r e s s e s  i n  un-stretched p l a t e  m a t e r i a l  can markedly 
a f f e c t  measured FCP rates. 
1 2 .  An equa t ion  based on LCF and m i c r o s t r u c t u r a l  parameters  pro- 
posed by Chakrabortty c o r r e c t l y  p red ic t ed  the  r e l a t i v e  o r d e r  
of FCP r e s i s t a n c e  f o r  the t h r e e  v a r i a n t s  of t he  7475 a l l o y .  
APPENDIX A 
Fa t igue  Crack Propagat ion Specimen Design 
( A l l  Dimensions i n  mm.) 
The specimen des ign  shown above was used t o  o b t a i n  f a t i g u e  
crack propagat ion d a t a  i n  t h e  p r e s e n t  i n v e s t i g a t i o n .  This  type  of 
specimen was used p rev ious ly  i n  an  ex tens ive  FCP s tudy  by Clark  
and Hudak (81). The va lue  of AK i s  determined f o r  t h i s  specimen by: 
where : 
R = s t r e s s  r a t i o ,  
P = maximum app l i ed  load ,  
a = crack  l eng th ,  
B = specimen th i ckness ,  
W = d i s t a n c e  from load  l i n e  t o  end of specimen, and 
Y = c a l i b r a t i o n  f a c t o r .  
The va lue  of Y f o r  this specimen design i s  given by: 
2 3 
Y = 30.96-195.8(a/W)+730.6Ca/w) -1186.3(a/W) +754.6(a/~) 
4 
APPENDIX B 
F rac tu re  Toughness Specimen Design 
The specimen des ign  shown above was used t o  o b t a i n  t h e  f r a c t u r e  
toughness d a t a  shown i n  Table 3 by workers a t  Frankford ~ r s e n a l " )  and 
Alcoa ('O),, The va lues  obta ined  by Alcoa a r e  r epo r t ed  as K r a t h e r  
Q' 
than KIC, because o f  excess ive  precrack  curva ture  and i n s u f f i c i e n t  
specimen th i ckness  t o  nee t ASTM p lane  s t r a i n  requirements  (82) . Specimen 
th i ckness  f o r  bo th  i n v e s t i g a t i o n s  was 25.4 mm. The va lue  of K f o r  
t h i s  specimen i s  ob ta ined  by: 
where : 
APPENDIX C 
P r e d i c t i v e  Equat ion f o r  Fa t igue  Crack Propagat ion 
Chakrabortty (93) has  modif ied the  equat ion  of L iu  and I i n o  
(91) 
by cons ider ing  t h e  e n t i r e  s t r a i n  f i e l d  and us ing  t h e  p '  parameter  
t o  r ep re sen t  t h e  average d i s t a n c e  between b a r r i e r s  t o  s l i p .  H i s  
equa t ion  i s  presented  as: 
where A s  (x) and X a r e  r e l a t e d  as 
P 
n '  
and A U  = kl(Ac ) 
P 
'OD, and q = 0.5 and r = - 
2 
where c and E '  are t h e  f a t i g u e  d u c t i l i t y  exponent and c o e f f i c i e n t  
f  
r e s p e c t i v e l y ,  and COD i s  the  c rack  opening displacement ,  q i s  a 
p a r a b o l i c  averaging exponent.  Other  symbols have been def ined  
previous ly .  
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